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Printed electronics enable fabrication of environmentally friendly wireless applications 
on novel substrates. Development of multidimensional substrates enables fabrication of 
creative applications and new communication networks between devices and users may 
be formed. These applications can be utilized in various industry fields, such as automo-
tive industry or aviation, where integration of electrical devices into machine structures 
can provide significant benefits, as devices do not require additional space and wireless 
sensing and monitoring are enabled. 
In this study, performance of silver inks screen printed on PPE polymer compound was 
evaluated. Advantages of this substrate material include low dissipation factor and rela-
tive permittivity, making it thus an attractive substrate for high frequency applications. In 
addition, substrate fabrication by injection-molding allows usage of innovative substrate 
structures. However, low surface energy and resulted hydrophobic nature of this substrate 
make printing of high quality lines with proper electrical and mechanical performance 
difficult. To modify substrate surface, and thus to enhance performance, suitable surface 
treatments were selected for this survey. Effect of different surface treatments was in-
spected, and performance of printed structures was evaluated by sheet resistance meas-
urements and crosscut adhesion tests. Effects of aging were simulated with accelerated 
environmental reliability tests. 
Results of this study indicate that material parameters have a great impact on performance 
of the printed structures. By the modification of surface properties, substrate can be made 
hydrophilic and rougher surface profile can be achieved. Furthermore, by the modifica-
tion of the surface properties, better mechanical performance of printed structures can be 
obtained. In addition, it was observed that formed substrate-ink interface has a significant 
effect on the aging properties of the printed structures. On the other hand, ink selection 
has great impact on aging of printed structures. Therefore, protective layers are needed to 
shield devices from environmental stress. Sheet resistance values between 12 mΩ/□ and 
25 mΩ/□ could be obtained, indicating excellent electrical performance of printed con-
ductors.  
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Painettavan elektroniikan avulla voidaan valmistaa ympäristöystävällisiä langattomia so-
velluksia, jotka mahdollistavat uusien alustamateriaalien käytön. Moniulotteisten alusto-
jen kehittäminen voi luoda täysin uudenlaisia sovelluksia, jotka mahdollistavat sekä lait-
teiden välisen kommunikoinnin, että laitteiden ja käyttäjän välisen kommunikoinnin uu-
della tavalla. Näitä sovelluksia voidaan hyödyntää monilla teollisuudenaloilla, kuten au-
toteollisuudessa ja ilmailussa. Näillä aloilla elektroniikan sulauttaminen lopputuotteiden 
runkoihin tarjoaa monia etuja, koska tällöin elektroniikka ei vie ylimääräistä tilaa, ja mah-
dollistaa samalla toimintojen langattoman valvonnan ja mittauksen. 
Tässä työssä arvioitiin silkkipainettavien hopeamusteiden ominaisuuksia PPE-pohjaisella 
polymeerialustalla. Tämän alustan etuja ovat alhainen häviökerroin sekä matala suhteel-
linen permittiivisyys, jotka tekevät tästä materiaalista houkuttelevan alustavaihtoehdon 
suurtaajuussovelluksissa. Lisäksi alustoiden valmistukseen käytettävä ruiskuvalutekno-
logia mahdollistaa monipuolisten alustarakenteiden valmistuksen. Toisaalta tämän alus-
tan pintaenergia on matala, minkä vuoksi alusta on erittäin huonosti vettyvä. Huono vet-
tyvyys vaikeuttaa hyvälaatuisten johtimien painamista ja saattaa heikentää niiden suori-
tuskykyä. Tässä työssä alustaa muokattiin erilaisilla pintakäsittelyillä ominaisuuksien pa-
rantamiseksi. Käsittelyjen vaikutus alustan ominaisuuksiin selvitettiin. Lisäksi johtimien 
suorituskykyä arvioitiin neliöresistanssin mittauksilla ja tartuntatesteillä. 
Tulosten perusteella materiaalien ominaisuuksilla on merkittävä vaikutus painettujen ra-
kenteiden suorituskykyyn. Käsittelyjen avulla alustan vettyvyyttä voidaan parantaa ja 
pinnasta saadaan karheampi. Tartuntatestien perusteella voidaan todeta, että alustojen 
ominaisuuksia muokkaamalla on mahdollista saavuttaa parempi mekaaninen suoritus-
kyky. Lisäksi alustan ominaisuudet vaikuttivat painettujen rakenteiden ikääntymiseen. 
Toisaalta myös mustevalinnalla on merkittävä vaikutus luotettavuuteen. Ikääntymistes-
tien perusteella rakenteisiin tulisi lisätä suojaava päällyste, jotta laitteista saadaan luotet-
tavia. Mitatut neliöresistanssien arvot olivat varsin matalia, vaihdellen 12 mΩ/□ ja 25 
mΩ/□ välillä, joten painettujen johtimien sähköiset ominaisuudet ovat erittäin hyviä. 
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1. INTRODUCTION 
Printed electronics (PE) have gained popularity in electronics manufacturing. This is due 
to the multiple benefits that PE can provide over traditional methods, such as etching or 
lithography. One of the most significant benefits of printing is additivity, as conductive 
structures are manufactured by adding material layers, whereas traditional methods are 
bases on material subtraction. Subtraction of unnecessary material layers increases pro-
duced waste amount, leading to environmental issues. Thus, additive processes are more 
environmental friendly. In addition, printing will also reduce process steps needed on 
electronics production line, thus being less complicated and significantly faster method 
than traditional methods. As a large variety of traditional printing techniques, such as 
inkjet printing, screen printing and gravure printing may be utilized to fabricate functional 
structures, range of possible applications is expanded. [1] 
On the other hand, fabrication of functional layers by printing enables usage of thin and 
flexible substrates. Therefore, printed structures may be integrated to novel substrates, 
such as clothing, and even onto skin. These applications can provide significant benefits 
for example in healthcare, since body monitoring is made simpler and more efficient, 
when less devices and wiring is needed [1].  
In addition, significant benefits may be achieved in for example logistics and other such 
industry fields, where tracking applications are necessary. For example, printed RFID 
(Radio frequency identification technology) tags and printed sensors may be utilized [1]. 
In addition, printed energy harvesters enable novel, wireless energy production and stor-
age applications, which can be applied everywhere [2]. Therefore, the very concept of 
electrical device may change dramatically in the future, as electronics integration into 
everyday environment reduces need of devices.  
At the moment, the most significant drawbacks of PE are related to the limited availability 
of suitable materials. Traditionally, enabling functionality of printing inks requires ther-
mal curing at high temperatures, which limits the usage of temperature-sensitive materi-
als, such as polymers. However, continuous research and development of both printing 
techniques and materials has already enabled significant increased availability of both 
substrate and ink materials. In addition, new curing methods are available.  
Polymers are popular substrate materials in PE manufacturing due to their flexibility and 
mechanical strength. In addition, polymers are inexpensive to fabricate and thin structures 
may be achieved. In the future, additive printing techniques may even enable usage of 
paper or wood substrates, and other such highly environmentally friendly materials. [1] 
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In this thesis, performance of commercial conductive silver inks on a PPE (Polyphenylene 
ether) based polymer substrate is evaluated. The material parameters of this substrate ma-
terial, including low DF (Dissipation Factor) and low relative permittivity, make this ma-
terial compound an attractive substrate for HF (High Frequency) applications. In addition, 
these substrates are fabricated by injection-molding technology, which enables fabrica-
tion of creative 3D (Three Dimensional) substrate structures.  
When this fabrication method is combined with PE, it is possible to manufacture truly 
revolutionizing products in the field of wireless HF applications. A few examples of such 
products are included in Figure 1. As demonstrated in this Figure, printing of functional 
layers on 3D substrates can offer benefits for multiple industry fields, from health care to 
aviation. With these IoT (Internet of Things) devices, more data is available than ever, 
and wireless communication systems enable innovative connections between devices. In 
the future, development of these applications will pave the way for IoE (Internet of Eve-
rything), where users are linked to this communication network as well. 
 
 
Despite the many advantages of this substrate material, the surface energy of the substrate 
material is rather low, and thus material is hydrophobic. Therefore, surface modification 
may be required to enable reliable, high quality prints. In this thesis, both chemical and 
physical surface treatments are used to enhance performance of screen printed conductive 
structures. Initial performance of these structures is evaluated, and environmental relia-
bility are used to see the effects of aging. Objective of this thesis was to find such sub-
strate-ink combinations, which could be used to fabricate reliable, high performance HF 
applications. 
This thesis is structured as follows. Chapter 2 discusses briefly the basics of screen print-
ing technology, including material characteristics, printing process and methods typically 
used to evaluate printed structures. In Chapter 3, selected materials are presented and 
selection is motivated. Chapter 4 represents used substrate modification methods, as well 
Figure 1. PE applications on 3D substrates. Adapted from [3]. 
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as the used printing process and environmental reliability tests. In Chapter 5, methods for 
both substrate surface characterization and performance characterization of printed struc-
tures are presented. Results are presented and discussed in Chapter 6. Thesis outcome is 
summarized and proposals for future work are given in Chapter 7. 
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2. PRINTING TECHNOLOGY 
As already discussed, PE is an important manufacturing method for future electronics 
applications, and may revolutionize the very idea of an electrical device. PE applications 
may be manufactured by multiple techniques, and suitable printing technique is often 
dependent on the end-application requirements. Most of these techniques are traditional, 
widely known printing techniques, such as gravure, offset, flexography, inkjet and screen 
printing.  
Screen printing was chosen as a printing technique in this thesis, and it will be discussed 
in further detail. Key features of this technique include high aspect ratio. Line thickness 
values of approximately 10-60 µm may be obtained, whereas line thickness of e.g. inkjet 
printed patterns are usually less than 5 µm, even below 1 µm [4]. Line thickness is closely 
related to the electrical performance of the printed conductors, since thicker lines enable 
better conductivity. This relation is covered in further detail in Subchapter 2.4.1. In addi-
tion, screen printing is an old and well matured technology [5]. Therefore, there are plenty 
of suitable materials available for this technique.  
However, few disadvantages are related to this technique. The width of the screen printed 
lines is limited to approximately 50 µm, which leads to relatively small resolution com-
pared to other techniques [4]. Therefore, screen printing is best suited for large scale man-
ufacturing, where high resolution is not necessary. Typical applications of screen printed 
electronics include for example display manufacturing, where this technique may be uti-
lized in especially backplane wiring fabrication [4]. Other attractive applications of this 
technique are stretchable applications, such as wearable electronics in health care, which 
have been demonstrated in for example [6] and [7]. Since screen printing enables both 
more accurate single-sheet printing and high-speed rotary printing, it is therefore attrac-
tive printing technique for mass production lines, and for more accurate small-scale pro-
duction. 
The output of the screen printing process is dependent on many factors. The most im-
portant factors include material characteristics, as both the substrate properties and ink 
composition affect material interactions during printing, and have thus a significant effect 
on the performance of the finished structures. Material characteristics and their influence 
in printing process are covered in Subchapter 2.1. Material modification techniques and 
their quality enhancing abilities are covered in Subchapter 2.2. In addition, there are sev-
eral other parameters related to the printing process, such as selection of screen and ad-
justment of printer parameters. On the other hand, to enable functionality of the printed 
patterns, they have to be cured. These parameters are discussed further in Subchapter 2.3. 
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Typical characterization methods used to evaluate both electrical and mechanical perfor-
mance of the printed structures are covered in Subchapter 2.4. In addition, methods used 
to simulate product aging are discussed. 
2.1 Material characteristics 
In PE applications, it is necessary to determine surface parameters of materials present in 
the printing process, since they have a great impact on the final process output. Important 
parameters related to ink composition are viscosity and surface tension, which affect wet 
interface behavior, and therefore, their impact on print quality is significant. If functional 
inks are used, material components, such as functional material and solvent type should 
be considered.  
In addition to ink parameters, substrate properties affect print quality and performance.  
Important substrate parameters include surface energy, which determines substrate wet-
tability. Furthermore, substrate surface parameters are closely related to the adhesion 
bonds formed in the material interface. In addition to surface energy, surface roughness 
should be considered. 
2.1.1 Ink 
Large variety of different coatings may be printed on substrate surface, but since focus of 
this thesis is on functional inks, they will be discussed in further detail. These inks typi-
cally consist of various components to enable proper interactions in both wet and dry 
material interface. These components include functional material, such as conductor or 
dielectric. In addition, functional inks include solvent component, which affects both vis-
cosity and surface tension of the ink composition. Other components may be included, 
such as a polymer binder used in nanoparticle inks, whereas flake inks used in screen 
printing typically include only functional and solvent components. [4] 
Viscosity is a critical parameter related to printing ink selection. It describes fluid’s ability 
to resist flow, and is dependent on molecule composition in the fluid [8]. In general, fluids 
can be classified into either Newtonian or non-Newtonian fluids. If ink is Newtonian, its 
viscosity remains constant, whereas viscosity of a non-Newtonian fluid may vary, de-
pending on shear stress applied to the fluid. Non-Newtonian fluids, also known as shear-
thinning inks, are preferred as printing inks due to their decreasing viscosity over in-
creased shear. This property is desirable, because viscosity remains high without addi-
tional pressure, but inks spread easily when pressure is applied [8].  
 
Typical viscosities of screen printable inks are rather high compared to for example inkjet 
or flexo printing inks. Suitable ink viscosities for different techniques are listed in Table 
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1. Lower viscosity enables ink to spread freely, which is desirable in inkjet printing, 
whereas in screen printing, high ink viscosity is essential to enable controlled ink spread-
ing on the screen, thus ensuring good print quality [9]. Low viscosity, on the other hand, 
leads to undesirable drying of the ink, thus clogging screen. Another drawback of low 
viscosity is the risk of ink flowing through screen mesh prior to printing [8]. If necessary, 
ink viscosity may be modified by changing either volume or composition of the solvent 
component. [10] 
 
Table 1. Typical ink viscosities for different printing techniques [4]. 
Printing technique Ink viscosity (cP) 
Inkjet 10-20 
Gravure 100-1000 
Screen 500-5000 
Flexo 50-500 
Offset 100-10000 
 
Another parameter influencing ink spreading abilities is surface tension, which is deter-
mined by the molecule bonding strength in the fluid. Molecular bonds inside the fluid are 
steady, whereas molecular bonds close to the fluid surface are instable. Therefore, cohe-
sion energy on the surface is only half of the energy inside. To reduce this instability, 
fluid molecules are organized so that their surface area is minimized. The remaining en-
ergy loss per surface area is determined as surface tension LV [11]. Surface tension values 
of a few common liquids are listed in Table 2. As shown in Table 2, surface tension of 
organic cleaning solvents, such as acetone of ethanol, is rather low compared to water 
surface tension. Thus, organic solvents tend to spread more freely than water. 
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Table 2. Surface tensions of liquids at 25°C [10; 12]. 
Liquid Surface tension (mN/m) 
Acetone (2-propanone) 23.0 
Benzaldehyde 38.3 
Ethanol (ethyl alcohol) 22.0 
Methanoic acid (formic acid) 37.7 
Toluene 27.9 
Water 72.7 
 
2.1.2 Substrate 
To be able to choose suitable substrate material for PE applications, surface energy and 
surface roughness of substrate should be considered. Surface energy of a solid material is 
related to molecule bond strength in material compound. In solids, molecular bonds can 
be either strong ionic or metallic bonds, or weak bonds, such as Wan der Waals forces. 
Therefore, solid surface energies SV vary greatly, depending on the material composition. 
Polymer surface energies are typically rather low, below 100 mN/m. This is due to weak 
bonds present in polymer compounds, whereas surface energies of metals and inorganic 
materials may be as high as 5000 mN/m. [13]  
At the moment, polymers are the most common substrate materials in PE applications 
due to their suitability for flexible and stretchable applications. In addition, rather thin 
polymer foils may be used, which enables for example fabrication of thin and flexible 
display backplanes with low cost. Surface energies of common polymers used in PE ap-
plications and in other industries are listed in Table 3. It may be observed, that polymer 
surface energy may be higher, as in the case of Nylon 6 or Nylon 12 (67 mN/m), or rather 
low, as that of PDMS (Polydimethylsiloxane), only 20.4 mN/m. PDMS has gained pop-
ularity in flexible sensor and implant applications for its stretching abilities [14]. PET 
(Polyethylene terephthalate) and PI (Polyimide) are common substrate materials in 
printed electronics applications [15].  
On the other hand, surface roughness of substrate material has an affects the interactions 
between substrate surface and applied coating. Changing surface roughness of the sub-
strate may improve interface behavior or have an opposite effect, depending on original 
wettability of substrate material. This relationship is covered in further detail in Subchap-
ter 2.2. 
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Table 3. Common polymers and their surface energies [16]. 
Polymer Surface energy (mN/m) 
Nylon 6,12 67.0 
Polydimethylsiloxane (PDMS) 20.4 
Polyethylene terephthalate (PET) 44.0 
Polyimide (PI) 43.8 
Polypropylene (PP) 30.2 
Polyvinyl chloride (PVC) 40.1 
 
In addition to polymer foils, alternative substrate materials, such as wood and paper have 
been searched for printed electronics applications to enable truly environmentally friendly 
manufacturing [17]. In addition, direct printing on textiles has been studied as well [18]. 
However, these substrate materials are rather sensitive to both moisture and temperature 
fluctuation, and are extremely porous materials. Therefore, several challenges remain be-
fore they may be utilized to PE applications.  
 
2.1.3 Substrate-ink interface 
When ink is pressed on the substrate, a substrate-ink interface is formed. Behavior of this 
interface is highly dependent on material parameters of both substrate and ink. The sur-
face tension of the liquid, as well as the surface energy of the substrate should be consid-
ered, when aiming at the optimal interface behavior. The main parameters related to in-
terface behavior are wetting and adhesion. Wetting is related to the interactions of a wet 
interface, whereas adhesion is a property of a cured structure. 
As discussed earlier, wetting describes the fluid spreading abilities on a certain surface. 
Level of wetting is determined by contact angle θ: the higher the contact angle in the 
material interface, the worse the wetting. This relationship may be presented by Young’s 
equation: 
cos 𝜃 =  
𝛾𝑆𝑉−𝛾𝑆𝐿
𝛾𝐿𝑉
,         (1) 
where SV, SL and LV describe solid-gas surface tension, solid-liquid surface tension and 
liquid-gas surface tension, respectively [13; 19]. This relationship is demonstrated in Fig-
ure 2. 
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Figure 2. Contact angle by Young’s equation. 
It should be considered, that three material variables exist in this interface: substrate, 
coating and the gas in the atmosphere. Therefore, different behavior may be expected for 
example in vacuum and air. Figure 3 illustrates the impact of contact angle on interface 
wetting. 
 
 
As shown in Figure 3, when contact angle is close to 0°, interface is wetted completely, 
whereas increasing the contact angle leads to reduced interface wetting. On the contrary, 
at a contact angle over 90°, interface cannot be wet. Typically, a contact angle of 30-40° 
is desirable.  However, a sufficient contact angle is highly application-dependent and both 
too low and too high contact angle are likely to cause issues in the printing process. Too 
low contact angle may lead to excessive wetting, thus causing bulging of printed lines, 
and too high contact angle may prevent uniform pattern formation.   
To be able to control wetting, one must know the surface energy of the used substrate as 
well as the surface tension of the used liquid. Such a critical surface energy of the sub-
strate SV may be found that liquid surface tension LV < SV, and thus the solid surface is 
wetted properly. On the contrary, if  > SV, substrate is wetted only partially [20]. In other 
Figure 3. Contact angle and wetting in the interface of liquid (l), vapor (v) and solid 
(s). a) Complete wetting, b) partial wetting and c) poor wetting. Adapted from [20]. 
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words, if solid surface energy is lower than water surface tension, substrate is hydropho-
bic, whereas in opposite situation substrate is hydrophilic [21]. For example, comparison 
of Tables 2 and 3 values indicates that PDMS surface energy is only 20 mN/m,which is 
significantly lower than water surface tension (7.7 mN/m), and PDMS is thus an ex-
tremely hydrophobic material. On the other hand, most of the organic solvents listed in 
Table 2 would wet polymer surfaces listed in Table 3.   
 
Adhesion describes bonds between substrate and coating in a dry interface [22].  Strength 
and type of these bonds is dependent on the interacting materials, and they are divided 
from molecular level to microscopic level [23]. Therefore, many factors affect adhesion 
strength between these materials. Wetting may affect adhesion strength, since wetting 
level determines the likelihood of two materials forming a uniform physical interface. If 
wetting is poor, materials will not be in contact, and thus no adhesive bonds can be gen-
erated.  
However, especially in printed electronics, where dry material interface is generated be-
tween substrate and cured functional ink, adhesion is dependent on many parameters other 
than wetting. Since the ink solvent component is removed by curing, interface bonds are 
dependent on substrate and the annealed functional material. Proper wetting may enhance 
adhesion by enabling formation of uniform conductive material layer on substrate surface. 
Nonetheless, there are plenty of other significant bonds to be considered in this interface.  
If an adhesive bond is generated, it may be mechanical. Thus, coating material is anchored 
to the substrate due to rough substrate surface by interlocking [23]. Therefore, increased 
surface roughness may increase likelihood of these bonds. This phenomenon is discussed 
further in next subchapter.  
Another type of adhesive bonds is created by electrostatic forces [23], and is based on the 
charge difference between interacting materials. This bond is likely to be found in an 
interface between a dielectric and a conductor. Therefore, electrostatic forces may en-
hance adhesion between polymer (dielectric) and metal coating (conductor).  
In addition to other bonds, bonding may be chemical. Stronger chemical bonds include 
hydrogen, ion and covalent bonds, whereas dispersive bonds, such as the Van der Waals 
forces, are the weakest [23]. Stronger chemical bonds require stable and mutual functional 
groups in each interacting material. If these groups are not present in the interface, only 
weak, instable bonds are generated.  
2.2 Surface modification 
To achieve desired wetting level and to promote adhesion, it might be necessary to modify 
properties of used materials. In printed electronics applications, either substrate or ink 
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parameters may be modified. In this thesis, focus will be on the substrate surface treat-
ments. 
Two main reasons for substrate surface modification are to change either wettability or 
surface roughness. Figure 4 demonstrates relationship between surface energy and sur-
face roughness. If substrate is originally hydrophilic and wetting is partial (Figure 4a)), it 
is possible to enhance wetting by increased surface roughness of the substrate (Figure 
4b))). On the other hand, if substrate is hydrophobic, roughening of the substrate surface 
can make it even more hydrophobic, as in Figures 4c) and 4d). Therefore, suitable method 
for surface modification has to be chosen carefully. 
There are many methods available for surface modification. Methods for surface energy 
elevation include for example corona and plasma treatment, as well as different chemical 
coating treatments [24]. Depending on the substrate material and treatment parameters, 
these methods may also be used to modify substrate surface roughness. On the other hand, 
it might be necessary to reduce surface energy in some applications, to achieve for exam-
ple high resolution patterns. This may be achieved by adding a chemical coating with low 
surface energy, which has been done in [25]. Surface treatments used in this thesis are 
discussed further in Chapter 4.  
 
2.3 Screen printing process 
When material parameters have been adjusted, test patterns may be printed. The principle 
of screen printing process is illustrated in Figure 5. As shown in this Figure, screen, in 
Figure 4. a) Hydrophilic, smooth surface b) hydrophilic, rough surface c) hydrophobic, 
smooth surface and b) hydrophobic, rough surface. Adapted from [21].  
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tension on the frame, is placed above substrate. A little gap should be left between the 
screen and substrate to ensure high resolution print. In addition, physical contact between 
screen and substrate causes unnecessary stress to the screen mesh. After screen place-
ment, a squeegee is used to apply ink to the substrate through screen.  A sufficient pres-
sure should be used to bend the squeegee at desired angle, which depends on the used ink 
and screen mesh. In addition to the squeegee parameters, ink spreading may be controlled 
by adjusting printing speed [4].  
 
 
In addition, screen parameters have a great impact on the process output. A mesh, con-
sisting of crossed threads, is tightened to the screen frame with a defined thread angle, 
depending on the application resolution. Typical thread materials include polyester or 
stainless steel [5]. A stencil, typically consisting of a photosensitive emulsion, is applied 
to the mesh for image formation. When the squeegee is pressed against the screen, ink 
will flow through mesh openings not covered with emulsion [4; 5].  
Furthermore, other screen parameters, such as thread count per centimeter or per inch, are 
highly related to print quality. Higher thread count enables both better print quality and 
finer details. Thus, finer threads should be used when aiming at small prints with high 
resolution. Another considerable parameter is particle size of the used ink. As a rule of 
thumb, mesh openings should be at least three times larger than ink particle size, or three 
times higher than thread diameter, to prevent screen from clogging [5; 26]. Line thickness 
also increases proportional to thread diameter and screen thickness [26].  
After printing, formed patterns must be cured to remove the solvent component and to 
enable functionality of the lines [8]. Popular curing methods include traditional thermal 
treatment, which is based on solvent evaporation by heat [27; 28]. It is a mature and rather 
simple curing method. On the other hand, high temperature limits the availability of suit-
able substrate materials and thermal curing is often time-consuming. Therefore, novel 
curing methods have been developed. These alternative curing methods include for ex-
Figure 5. The principle of screen printing process. Adapted from [4]. 
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ample plasma sintering, photonic sintering and laser sintering. The benefits of these tech-
niques include shorter sintering times and are more environmentally friendly. In addition, 
more substrate materials may be used, when high temperatures are not needed to cure 
printed structures. However, process optimization remains a challenge and more devel-
opment is required [17; 29].  
 
2.4 Evaluation of printed structures 
When printed patterns have been cured, formed structures should be inspected and meas-
ured to be able to evaluate, whether material selection and printing process have been 
successful or not. One of the most essential measures is print quality. Line thickness, 
variations in line width and print porosity affect electrical performance of printed patterns. 
The relationship between line dimensions and electrical performance is covered in Sub-
chapter 2.4.1. In addition, methods for conductivity measurement of printed structures 
are discussed. 
Another important factor is mechanical performance. As the mechanical performance of 
the printed structures is dependent on adhesion bonds formed in the ink-substrate inter-
face, it is necessary to evaluate the initial bonding strength. Adhesion failure mechanisms 
and causes are discussed further in Subchapter 2.4.2. Furthermore, methods for adhesion 
evaluation are covered. 
In addition, both electrical and mechanical performance are highly related to product life-
time. Therefore, effects of aging should be inspected. Subchapter 2.4.3. presents failure 
mechanisms caused by aging. In addition, common methods used for aging effect inspec-
tion are discussed. 
2.4.1 Electrical performance 
Conductivity is the basic measure of electrical performance evaluation, and is inversely 
proportional to resistance, which is determined as the tendency of the conductor to oppose 
current flow. Therefore, low resistance enables good conductivity and vice versa. In gen-
eral, Ohm’s law may be used to define resistance R of a conductor. According to this law, 
resistance is proportional to potential difference V, which is formed by current I supplied 
to the conductor [30]: 
𝑅 =  
𝑉
𝐼
.           (2) 
To be able to measure resistance of a conductive line, a four-point probe (4PP) measure-
ment may be used. The principle of this measurement is demonstrated in Figure 6.   
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As shown in Figure 6, source current I+ is fed to one end of the conductor, and conductor 
series resistance results to lower current I- on the other end of the conductor. Resulting 
voltage difference between voltages V+ and V- can be read from multimeter display when 
measurement probes have been placed to both ends of the conductor.  
Furthermore, resistance is a property of a printed line, whereas resistivity  is material 
property. When resistivity of a conductive material is known, and the dimensions of a 
conductive line have been measured, resistance may be conducted from: 
𝑅 =
𝜌𝑙
𝐴
=  
𝜌𝑙
𝑤𝑡
,            (3) 
where A is the cross-sectional area of the conductor, formed as a product of width w and 
thickness t, and l is conductor length. When the dimensions of the conductive line are 
known, a 4PP measurement system may be implemented to measure sheet resistance Rs  
[31]. The principle of sheet resistance is illustrated in Figure 7. Conductor surface may 
be divided in squares, where one side of the square equals to conductor width w. Thus, 
sheet resistance may be conducted: 
𝑅𝑆 =
𝜌
𝑡
.           (4) 
Sheet resistance is thus highly dependent on both material resistivity and printed line 
thickness [31]. Therefore, it is possible to use less conductive materials, if line thickness 
is increased. On the other hand, by using highly conductive materials, thinner lines may 
be printed. The relationship between sheet resistance and total resistance may be con-
ducted from (3) and (4): 
𝑅 =
𝜌𝑙
𝑤𝑡
=
𝑅𝑆𝑙
𝑤
.          (5) 
Furthermore, using Ohm’s law (2) may be conducted: 
Figure 6. Principle of 4PP-measurement. 
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𝑉
𝐼
=
𝑅𝑆𝑙
𝑤
.          (5) 
and thus sheet resistance may be written: 
𝑅𝑆 =
𝑉𝑤
𝐼𝑙
.          (6) 
 
 
 
As shown in (6), sheet resistance is also dependent on width and length of a conductive 
structure. The ratio of these two dimensions can be determined so that the measured re-
sistance between probes is as low as possible. In theory, increasing line length over line 
width will reduce sheet resistance, and thus enable better conductivity. However, ex-
tremely narrow lines are more sensitive to faults in line structure, and amount of conduc-
tive material may be decreased, thus leading to poor conductivity. In addition, long con-
ductor lines are more sensitive to interference.  
Resistivity values of a few widely used functional materials are listed in Table 4. It can 
be observed that metals, especially silver, copper and gold are very good conductors due 
to their low resistivity. On the contrary, glass is a good insulator, whereas silicon is a 
semiconductor. In PE applications, silver is the most popular conductive material. In ad-
dition to low resistivity, silver is a noble metal and therefore resistant to oxidation. Fur-
thermore, even silver oxide is highly conductive, which gives it an advantage over plenty 
of other materials, since corrosion will not affect conductivity of silver traces as rapidly. 
In addition, silver is more cost-effective conductor material than gold. [9] 
However, as silver still is expensive material, alternatives have been researched. Copper 
is one the most attractive alternatives at the moment due to its high conductivity. The 
most significant defect of copper is its rapid oxidation in air, which limits usage in normal 
Figure 7. Conductor dimensions. 
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room conditions. Still, promising results have been obtained with copper inks in for ex-
ample [31] and [32]. Other alternative conductor materials are organic conductors, such 
as carbon nanotubes (CNT) and graphene [34].  
 
Table 4. Resistivities of common functional materials [35]. 
Material Resistivity (Ωm) 
Silver 1,59 ∗ 10−8 
Copper 1,70 ∗ 10−8 
Gold 2,44 ∗ 10−8 
Platinum 1,10 ∗ 10−7 
Carbon 3,50 ∗ 10−5 
Silicon 2,30 ∗ 103 
Glass 1,00 ∗ 1010 
 
2.4.2 Mechanical performance 
Mechanical performance of a substrate-ink interface is highly related to adhesion strength 
of the interface. Initial adhesion strength is related to the freshly printed and cured inter-
faces, which have not had to endure any stress caused by either user or environment. 
There are several methods for interface bonding strength evaluation. For the initial eval-
uation, standardized adhesion tests, such as crosscut test, exist. If accurate strength meas-
urement is required, the force needed to break interface bonding can be determined fro 
example by a pull-off test by ISO 4624 standard [37]. In this test, tensile stress is directed 
to the interface, until either a cohesion failure or adhesion failure occurs. The maximum 
shear stress, which the system can endure, may be determined by a shear-off test, which 
is similar to the pull-off test with an additional torque applied [36]. In flexible applica-
tions, bending strength and stretching abilities of the interface should be tested. 
Since adhesion failure may be caused by for example cutting, pulling, bending or stretch-
ing, a PE device has to endure a lot of mechanical stress during its lifetime. In addition, 
temperature fluctuation or chemicals may affect adhesion strength of material interfaces. 
Typical failure types and stress mechanisms are illustrated in Figure 8. Two failure types 
are related to material bond strength. A cohesion failure occurs when the bonds inside 
either coating or substrate fail. If an adhesion failure occurs, the bonding between two 
materials has failed. [36]  
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Thermal stress is typically caused by elevated temperature. Since thermal properties of 
metals and polymers differ, stress is applied to material interface. In addition, chemicals 
may penetrate material interface and cause corrosion [36]. Since especially failures 
caused by thermal and chemical stress are usually caused by the environment-related and 
occur over time, their effects cannot be measured as easily as effects of mechanical stress. 
Therefore, reliability tests have been developed to simulate the aging impact caused by 
environmental stress. Product reliability and related test methods are discussed further in 
next subchapter. 
2.4.3 Reliability 
Reliability in electronics can be defined in multiple ways, and there are many aspects that 
have to be considered when estimating product reliability. In general, reliability describes 
the likelihood of a product to survive storing and usage. Since failures during product 
lifetime make products less reliable, failure rate is a useful measure of reliability, deter-
mining how well device functionality is maintained over time. The importance of relia-
bility testing is emphasized by the fact that reliability test methods have been developed 
for a long time, and there are plenty of standards to guide reliability testing. [38] 
In Figure 9, different failure types occurring over time are demonstrated by a bathtub 
curve. As shown in this graph, products are more likely to fail in the beginning of their 
lifetime, but this likelihood is decreased over time. Failures occurring before the first 
stabilization point are called early failures. The cause for these failures lies in either neg-
ligent manufacturing or defective testing. However, if products are able to survive this 
phase, failure rate is decreased significantly. From this point, failures will most likely be 
caused by sudden, high level stresses, and thus, overstress failures occur. Causes behind 
these failures are often random and unpredictable, such as a single component failure or 
Figure 8. Adhesion failure mechanisms. 
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ESD (Electrostatic Discharge), leading to the malfunctioning of the whole product [37]. 
In the end of product lifetime, failure rate starts to increase again due to corrosion or other 
such unavoidable, long-term aging mechanisms. 
 
As many failure mechanisms can affect lifetime of a product, it is important to be able to 
detect possible failure types as early as possible in product development. Accelerated 
testing methods may be used to simulate failure mechanisms caused by mechanical, en-
vironmental and electrical stress. By using elevated testing conditions, failure mecha-
nisms may be detected relatively fast, without need to wait until the device has reached 
the end of its lifetime.  
Environmental tests are used to detect effects of corrosion, and are usually executed with 
elevated temperature or humidity. One example of reliability test is a so-called 85/85 test, 
which is used to evaluate lifetime in normal storage conditions. In this test, a constant 
temperature of 85 °C and relative humidity of 85 % are used as testing conditions. This 
test is also used in this thesis and will be discussed further in Subchapter 4.3. To inspect 
the effects of temperature variation only, mechanical durability can be tested by slowly 
changing temperatures to simulate the effects of mechanical stress over time in normal 
use, or by rapid changes to see the maximum effect of variating temperatures.  
In addition to previously mentioned test methods, effects of dropping and vibration can 
be inspected. In addition, products may be tested electrically by adding a constant high 
voltage or ESD. ESD testing is important especially in consumer electronics, since user 
Figure 9. Failure rate, bathtub curve [38]. 
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is likely to cause a capacitive discharge at some point. When tests have been completed, 
different microscopes and x-ray can be used to detect failures caused by aging. [38] 
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3. MATERIALS 
The purpose of this thesis was to evaluate suitability of different conductive inks on PPE 
based test substrates. The properties of this material are suitable for HF devices and is 
therefore an attractive substrate for printed HF applications. Material parameters of this 
substrate are discussed further in Subchapter 3.1. PTFE (Polytetrafluoroethylene), also 
known as Teflon, is another typical substrate for HF applications [38]. The main challenge 
of these HF applicable materials is that they are usually rather hydrophobic. Therefore, 
surface treatments may be needed to enhance ink performance on these substrates. 
In addition to the used substrate material, five commercially available silver inks were 
selected for this survey. These inks were selected due to both their manufacturer infor-
mation and results obtained in literature. The objective was to find screen printing inks, 
which could be utilized in HF applications printed on the selected PPE substrate. Selected 
inks are discussed in further detail in Subchapter 3.2.  
3.1 Substrate 
In this survey, Preperm® L260, a PPE based polymer compound by Premix company was 
used as a substrate material. This particular substrate material has been designed for es-
pecially HF applications. It has a very low DF below 0.001, and low relative permittivity 
εr (2.6) over a wide range of frequencies [40]. Low dissipation factor and relative permit-
tivity enable low-loss signal, because signal is not attenuated by substrate [39; 40]. HF 
applicability makes this material an excellent substrate for different antenna structures, 
such as wireless base station applications.  
These substrates are fabricated by injection-molding. Injection-molded substrates used in 
this thesis are 3mm thick, and the dimensions of square-shaped surface area is 100cm2. 
By injection molding, melt plastic material is forced to flow into a closed mold [41]. 
Material is then cooled down, and it forms a solid structure, shaped as the used mold. This 
process provides many benefits for the manufacturing of wireless PE applications, since 
various substrate shapes may be achieved by mold selection. Additive PE techniques al-
low effective fabrication of electrical structures on these 3D substrates and therefore, 
completely new devices may be manufactured. Such devices are known as MID (Molded 
Interconnect Devices). MID fabrication by printing electronics on 3D shapes has been 
researched, and promising results have been obtained [42; 43]. Applications for these 
devices may be found for example in automotive industry and aviation, where fabrication 
of MID enables electrical component integration directly to machine structures. 
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 In addition, extruded PPE substrates were used for comparison between different mold-
ing techniques. Extruded substrates are fabricated by forcing heated plastic material 
through an aperture with a defined shape, after which shaped material is cooled rapidly 
[44]. These substrates are only 1mm thick, thus being thinner and more flexible than the 
injection-molded substrates.  
3.2 Inks 
For this survey, five commercial silver inks were selected. Selection was made based on 
results obtained in literature, and on manufacturer information and recommendations. Se-
lected inks are listed in Table 5, with their most critical technical information, such as 
solvent type and silver content. In addition, as the used substrate material is sensitive for 
temperatures over 180 °C [40], required ink curing temperature affected selection. 
 
Table 5. Selected inks and their technical information provided by manufacturers [45-
49]. 
 
 
Manufacturer/ink  
Type 
Viscos-
ity 
(cP) 
Ag-
con-
tents 
(%) 
Solvent 
Sheet re-
sistance 
mΩ/□  
Line 
thickness 
(µm) 
Curing 
°C (min) 
SunChemical / CRSN2442 
flake 
2000-
3000 
69-71 
Propylene di- 
acetate 
10  25 150 (30) 
Novecentrix / Metalon HPS-FG32 
flake  8000 75 Butyl carbitol 25  25 140 (10) 
Asahi / LS411AW 
flake  
20000-
30000 
75-78 
Butyl cellosolve acetate, 
Isophorone 
<40  10 150 (20) 
DuPont / 5064H 
flake 
10000-
20000 
63-66 C11-ketone ≤14  25 130 (20) 
Novacentrix / Metalon  HPS-021LV 
flake  2600 75 Water 11 (25) 25 150 (30) 
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Resistance information in Table 5 shows that all the inks used in this thesis are highly 
conductive, which should result to low sheet resistance of printed structures. Importance 
of conductivity is emphasized especially at high frequencies, where current carrying layer 
becomes thinner by increasing frequency, and therefore low resistivity is needed [50].  
Other inks include organic solvents, excluding aqueous Novacentrix HPS-021LV. There-
fore, it is more environmentally friendly than other inks used. In addition, manufacturer 
recommended this ink for its conductivity abilities. HPS-FG32 ink, from the same man-
ufacturer, was also chosen based on manufacturer recommendation. This ink is recom-
mended to be used in especially those applications, where soldering ability is required, 
thus enabling attachment of for example IC (Integrated Circuit) chips.  
On the other hand, DuPont 5064H should be highly conductive, despite the relatively low 
silver contents (63-66 %). SunChemical CRSN2442 ink was also recommended due to 
its conducting abilities, which should be comparable to those of 5064H and HPS-021LV 
inks. On the contrary, Asahi LS411AW electrical performance seems to be more moder-
ate according to the manufacturer information, but since sheet resistance information has 
been provided only for relatively thin lines, this ink was selected for conductivity tests as 
well.  
In addition to silver contents and sheet resistance information, it may be observed that 
there is variation in ink viscosities. Asahi LS411AW viscosity is higher than CRSN2442 
and HPS021LV ink viscosities by an order of magnitude. On the other hand, 5064H ink 
viscosity is approximately 70 % of LS411AW viscosity and HPS-FG32 viscosity is a bit 
lower than that. These viscosities are suitable for screen printing. However, difference in 
viscosities is quite significant, and may lead to differences in ink behaviour.  
In addition to manufacturer information and recommendations, results obtained in litera-
ture were used as other selection criteria. Most of these inks have already been studied in 
various applications, and they have also been compared to each other. The aqueous HPS-
021LV ink has been successfully used earlier in HF applications to produce RFID tags 
on novel substrates. Examples of this work include brush painting on plywood in [51] and 
dispensing on textiles in [18]. In [52], this ink’s abilities were compared to DuPont 
5064H. Inks were used to print electrodes on a microfluidic platform. It was observed, 
that HPS-021LV sheet resistance was outstanding compared to sheet resistance with 
5064H. HPS-021LV also lasted twice as long in adhesion tests as 5064H. However, 
5064H oxidation charge performance surpassed HPS-021LV clearly.  
In addition, RFID properties of 5064H and CRSN2442 on a cardboard substrate were 
compared in [53]. Here, CRSN2442 performed slightly better in conductivity, and uni-
formity of printed lines surpassed those of 5064H. Therefore, CRSN2442 was used for 
more detailed characterization of printed tags. Promising results were achieved. In an-
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other, rather similar study [54], properties of CRSN2442 and 5064H inks were also com-
pared in RFID tag fabrication, printed on paper and cardboard. In that study, more uni-
form lines were also obtained with CRSN2442. However, significantly better sheet re-
sistances were measured with 5064H. These results indicate that in addition to substrate 
material and conductor dimensions, properties of printed lines are highly dependent on 
both process parameters and operators. 
In another study, 5064H was compared to LS411AW by sheet resistance and bending 
reliability on a thin PET substrate [55]. Sheet resistance of both inks was low, compared 
to another ink used in that survey, but they were not as successful in cyclic bending reli-
ability tests. In [56], promising results for sheet resistance of a moisture sensor printed on 
a PET substrate were obtained with LS411AW ink by R2R (roll-to-roll) printing and cal-
endaring. On the other hand, in [57], LS411AW was used to print capacitors and inductors 
on another plastic substrate, and showed promising results in environmental reliability 
tests.  
CRSN2442 was also studied in [58] to see the effects of different surface treatments on 
PEN (Polyethylene Naphthalene) and PDMS substrates. It was concluded, that this ink 
had low sheet resistance and good adhesion on the substrates and was also able to endure 
moderate bending. 
Some of the sheet resistances obtained in literature with selected inks are listed in Table 
6. It can be observed that rather low sheet resistances have been obtained in different 
applications. However, obtained sheet resistance is highly dependent on the physical di-
mensions of the printed lines, as well as on the used substrate material. Paper and card-
board are significantly rougher and more porous substrates than glass or plastic films, 
which may have influenced results.  
 Results obtained in literature indicate that especially HPS-021LV is highly conductive, 
and DuPont 5064H shows promising results. In [54], CRSN2442 sheet resistances are a 
little more moderate than those obtained with 5064H, and LS411AW conductivity seems 
to have been dependent on the used line dimensions and fabrication methods. The varia-
tion in the results of [56] is caused by the difference in drying conditions and surface 
roughness of the printed lines. Lower sheet resistance values have been achieved with 
longer curing times and calendaring of printed lines.  
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Table 6. Sheet resistance values obtained in literature with studied inks. 
Reference Ink Substrate 
Line 
thickness 
(µm) 
Line 
width 
(µm) 
Sheet re-
sistance 
(mΩ/□) 
[52] 
HPS-021LV Glass 6 - 15 
5064H Glass 5 - 28 
[54] 
CRSN2442 
Paper 
6-10 3000 
<90 
Cardboard ≤92 
5064H 
Paper 
6-10 3000 
<60 
 Cardboard <60 
[55] 
 
LS411AW PET 10-15 1500 31 
5064H PET 10-15 1500 26 
[56] LS411AW PET 8-11 500 15-58 
[58] CRSN2442 PEN 10-15 - 50 
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4. PROCESSES 
Since the used PPE based compound is a novel substrate choice for PE applications, lit-
erature survey was necessary to determine suitable fabrication and characterization meth-
ods for this polymer substrate. Characterization of novel polymer substrates for PE appli-
cations has been made earlier in for example [59] and [25]. In [59], a PPO (Polyphenylene 
Oxide) compound was used as a substrate for electroless copper plating. PPO is a rather 
similar compound as the one used in this thesis, and was developed to be used in HF 
applications. In [25], suitability of novel polymer substrates was evaluated in inkjet 
printed applications.  
Selected process flow for this survey is demonstrated in Figure 10. Processes used in this 
thesis are discussed in further detail in this chapter, and all characterization methods used 
to analyse fabricated test samples are discussed in Chapter 5. After substrate and ink se-
lection, suitable surface treatments were looked for.  As the PPE substrate surface energy 
was known to be rather low, surface energy increasing treatments were selected to see the 
effects on print quality and performance. More information of the selected surface treat-
ments is provided in Subchapter 4.1. These treatments were tested on the injection-
molded PPE substrate to determine optimal treatment parameters. All surfaces were char-
acterized before and after treatments to see the effects on surface energy and surface pro-
file. Characterization methods used for surface analysis are discussed further in Subchap-
ter 5.1.  
After surface characterization and treatment parameter optimization, test substrates were 
fabricated for printing. Test patterns were screen printed with a self-designed screen pat-
tern, after which both electrical and mechanical performance of printed test samples were 
characterized. Printing process is discussed further in Subchapter 4.2., whereas methods 
used to characterize sample performance are discussed in Subchapters 5.3. and 5.4. 
Based on initial performance of printed samples, best ink-substrate combinations were 
selected for accelerated environmental tests to see the effects of environmental stress. 
Chosen environmental tests and their parameters are presented in Subchapter 4.3. When 
reliability tests were completed, effects of aging were characterized.  
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Figure 10. Survey process flow. 
 
4.1 Surface treatments 
Originally, the surface energy of the PREPERM® L260-substrate is low, which may lead 
to insufficient level of wetting and cause poor performance of the printed structures, as 
discussed in Chapter 2.  To improve surface wetting and thus to enhance print quality, 
different surface treatments were selected to improve material interface interactions by 
increased surface energy. In addition to surface energy modification, such treatments 
were selected, which could modify surface profile. Thus, the relationship between surface 
roughness and surface energy could be analyzed. On the other hand, such treatments were 
selected, which could be utilized on a production line.  
Based on literature survey, six treatment methods were selected. These methods include 
exposure to oxygen plasma, flame-pyrolytic surface silicating, chemical etching with both 
acid and base, and chemical coating. All surface treatments used in this thesis were ap-
plied to the injection-molded substrate and the extruded substrate was used as one of the 
treatments. 
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selection              
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treatment 
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characterization
7. Sample 
fabrication
8. Screen 
printing and 
curing
9. Sample 
characterization
10. Sample 
fabrication
11. Screen 
printing and 
curing
12. 
Environmental 
reliability tests
13. Sample 
characterization
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First, initial tests were performed to determine the optimal surface treatment parameters. 
When these parameters had been optimized, the injection-molded substrates were treated 
accordingly, and effects were observed prior to printing. Surface treatments used in this 
thesis are listed in Table 7. Surface treatments are discussed in further detail in next sec-
tions. 
 
Table 7. List of the used surface treatments. 
Surface treatment 
Reference (no treatment) 
Oxygen plasma 
Sulfuric acid, 98 % 
KOH, 5-10 % 
KOH, 30 % 
Flame-pyrolytic silicating 
Ethyltriglycol 
Ethyltriglycol & sulfuric acid 
Extrusion 
 
4.1.1 Plasma 
Plasma treatment is a well-known, effective method to for surface energy modification of 
polymers. In addition, it is possible to modify the functional groups on the surface, and 
thus adhesion may be promoted with this method, especially when oxygen is used [60-
62].  Therefore, exposure to oxygen plasma was chosen as one of the surface modification 
methods in this thesis. In [63] and [64] it has been concluded, that the effect of the treat-
ment is highly dependent on both substrate compound and selected gas. In addition, 
longer treatment times lead to effective surface modification. However, as sufficient re-
sults may be obtained in only few minutes, this treatment is rather efficient.  
The most significant drawback of this method is that the functional groups formed during 
treatment are often instable, and therefore enhanced surface properties tend to decrease 
over time. This tendency limits the time period between pretreatment and printing. On 
the other hand, it was observed that the proportion of new functional groups is saturated 
above the original level, and therefore this treatment may cause a permanent modification 
of the surface.  
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The principle of plasma treatment is illustrated in Figure 11. Substrate is first loaded to a 
process chamber, and it is cleaned in vacuum atmosphere. Gas flows from the supplement 
bottle to the chamber, and plasma is created in the chamber by an electrical discharge at 
a high frequency. Ionized gas then reacts with the substrate molecules, such as carbon, 
and new functional groups are created on the substrate surface. In addition, some mole-
cules on the surface may be removed entirely by plasma, which leads to significantly 
altered molecule composition on the surface. 
 
 
In this thesis, an Oxford Plasma Technology RIE System 100 plasma printer was used for 
plasma surface modification. This device was operated in cleanroom conditions. First, the 
optimal recipe for plasma treatment was determined with a few test samples. In Table 8 
are presented parameters used for initial plasma treatments. 
 
Table 8. Test parameters for oxygen plasma modifications. 
Treat-
ment 
Exposure time Power 
Chamber pres-
sure 
Gas (O2) 
amount 
1. 1 minute 25 W 56.0 30.0 
2. 1 minute 50 W 56.0 30.0 
3. 1 minute 75 W 56.0 30.0 
 
Figure 11. Principle of oxygen plasma treatment. Adapted from [65]. 
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4.1.2 Flame-pyrolytic silicating 
A NanoFlame NF02-device by Polytec, presented in Figure 12, was used to modify the 
injection-molded substrate surface with both heat and chemical coating. The NanoFlame 
pistol is filled with a special propane-butane-organosilicon gas [66]. Flame size and the 
amount of burning-enhancing air can be controlled. With this treatment, a 20-50 nm thick 
silicon dioxide layer is formed on the substrate surface at high temperature. The purpose 
of this treatment is to improve both wetting and adhesion of the treated substrate [66]. 
This treatment has been successfully used earlier as an adhesion promoter for example in 
[67].  
Samples were treated so that the flame was moved back and forth on the substrate surface 
with rapid movements to avoid burning of substrate material. Samples were then turned 
45˚ and treatment was repeated. This was repeated so that sample was turned 360˚ in total 
during the treatment, to enable as even coating as possible.  
 
 
 
4.1.3 Chemical 
To modify substrates chemically, they may be dipped, wiped or spray coated. Best tech-
nique depends on the used chemical, and the applicability on a production line. For ex-
ample, organic solvents may be used to spray coat substrates when proper ventilation is 
Figure 12. Sample treatment with a Nanoflame-device. 
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provided, and the most sufficient treatment with strong and hazardous chemicals is dip-
ping, to ensure safety. 
In this thesis, three different chemicals were used to modify the surface energy of the 
substrate. 98 % concentration of sulfuric acid, and 5-10 % and 30 % concentrations of 
KOH (Potassium Hydroxide) were selected, because promising results have been ob-
tained in literature with for example PPO and PI substrates [59; 68]. In addition, ethyltri-
glycol was chosen to be used as an ink primer. Conductive ink manufacturer recom-
mended this organic solvent. 
First, initial tests were executed to find suitable parameters for chemical treatments. 
Treatment times of several minutes have been used in literature with sulfuric acid and 
KOH [59; 68]. In addition to long treatment time, both sulfuric acid and KOH are rather 
hazardous to inhale and skin contact should be avoided. Thus, dipping seemed to be the 
most sufficient treatment method for these chemicals.  Dipping times of 1 minute, 2 
minutes, 5 minutes, 10 minutes and 15 minutes were used. After chemical dipping, sam-
ples were dipped in water container and rinsed with DI (Deionized) water to remove the 
excess chemical from the substrate. Treatment setup is demonstrated in Figure 13 and 
treatment parameters are presented in Table 9. 
 
Figure 13. Etching treatment setup. 
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Table 9. Etching times for the initial base and acid surface treatments. 
Treatment 1. 2. 3. 4. 5. 
Sulfuric acid 98 % 1 minute 2  minutes 5 minutes 10 minutes 15 minutes 
KOH 5 % 1 minute 2  minutes 5 minutes 10 minutes 15 minutes 
KOH 30 % - - 5 minutes 10 minutes - 
 
Ethyltriglycol was sprayed on the substrate with an airbrush device. Spray coating is a 
well-suited technique for production lines for its simplicity and rapidness, and it was the 
recommended technique by manufacturer. To better characterize the effect of this primer 
coating, ethyltriglycol spraying was tried on both untreated substrates and substrates al-
ready treated with sulfuric acid. To untreated substrates, three layers of spray-coating was 
applied. Samples were heated in oven between each layer to cure chemical and to form a 
permanent coating. To pretreated substrates, only one layer of coating was sprayed, fol-
lowed by oven-curing. All samples were cured in 100 °C for 10-20 minutes, depending 
on the thickness and uniformity of the sprayed layers. Spray coating parameters are listed 
in Table 10. Pressure of the airbrush device and distance from samples was adjusted to 
optimize coating. 
 
Table 10. Spray coating parameters used with ethyltriglycol. 
Treatment 
Air pres-
sure 
Distance Layer count 
Curing condi-
tions 
Without acid etching 1.1 bar 15 cm 3 100°C/10-20 min 
With acid etching 1.1 bar 15 cm 1 100°C/10-20 min 
 
In Figure 14, test setup used for spray coating is demonstrated. Samples were attached to 
an aluminum plate to enable coating of multiple samples simultaneously. To prevent 
chemical spreading to the environment, samples were sprayed inside a sealed plastic box 
in a fume hood cupboard. 
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4.2 Printing 
After substrate surface preparation, test patterns were screen printed in cleanroom condi-
tions. Used printer is for single-sheet printing only, and it is adjusted manually. In Figure 
15 is presented printer, control buttons and squeegee placement above the screen during 
printing. In this printer, it is possible to adjust squeegee pressure against screen by adjust-
ing the vertical placement of the squeegees. In addition, distance between screen mesh 
and substrate can be adjusted. A metal squeegee is used to apply ink evenly on the screen, 
and a rubber squeegee is used to press ink on the substrate. The control buttons are used 
to move squeegees and to lift frame holder. These printer parameters were adjusted man-
ually for each printing session.  
For this survey, a UX79-45 polyester screen with an aluminum frame was used. The spec-
ifications for this screen are listed in Table 11. UX stands for “Super High Modulus Pol-
yester Monofilament” [69]. UX-threads of the screen can endure high tensile strength and 
higher tension level of threads is allowed. Screen was manufactured to best fit the re-
quirements of all the inks used in this thesis. Therefore, it was both solvent- and water-
resistant. Threads were placed at 22,5° angle to achieve the best possible print quality.  
Two test patterns were used on this screen, both of which were used for different perfor-
mance tests. These test patterns are presented in Figure 16. Test pattern A was used to 
print patterns for 4PP conductivity measurements and square patterns (B) were used in 
adhesion crosscut tests. Patterns were designed so that as many shapes would fit to one 
sample printed on a 10 cm x 10 cm substrate as possible. In addition, with this design, 
two substrates could be used simultaneously, thus speeding up the printing process. Two 
sample sets were printed for both performance tests.  
After printing, samples were sintered thermally according to the sintering condition rec-
ommendations given on datasheets. Recommended conditions were given for thin PET 
films, and may therefore not be optimal for rather thick PPE substrates. However, these 
Figure 14. Primer treatment setup. 
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conditions were comparable to each other. Used curing conditions are summarised in Ta-
ble 12.  
 
 
 
Table 11. UX79-45 screen parameters [69]. 
Thread type Threads/cm 
Thread diameter 
(µm) 
Mesh opening  
(µm) 
UX 79 45 81 
 
 
Figure 15. a) Screen printer. b) Screen and squeegees during printing, c) control 
buttons. 
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Table 12. Used sintering conditions for each ink. 
Ink Temperature (°C) Time (minutes) 
SunChemical CRSN2442 150 30 
Novacentrix HPS-FG32 140 10 
Asahi LS411AW 150 20 
DuPont 5064H 130 20 
Novacentrix HPS-021LV 150 30 
 
4.3 Environmental reliability tests 
Based on the results of the initial conductivity measurements and adhesion classification, 
best ink-substrate combinations were selected for environmental reliability tests. Four 
samples were fabricated for each ink-substrate combination with test pattern B, since pos-
sible effects were assumed to be more critical to adhesion than conductivity, based on 
results obtained in for example [70] and [71]. Two reliability tests were used in this thesis. 
The standardized test conditions for both tests are summarized in Table 13. 
Figure 16. Designed screen with dimensions. 
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Table 13. Test conditions of the used environmental tests. 
Humidity + temperature 
JESD22-A101C, 85/85 test. Constant temperature of 85 
°C and constant relative humidity of 85 %. 500 h. 
Salt mist 
IEC 60068 2-52. NaCl spray at a temperature of 35 °C 
for 2 h, followed by 7 days in constant temperature of 40 
°C and in relative humidity of 93%. 2 Cycles.  
 
First, 85/85-test, according to JEDEC standard JESD22-A101C [72] was used. This test 
is used to simulate aging caused by heat and moisture simultaneously. Obtained results 
give a good estimation of the basic environmental durability of the product under normal 
storing conditions. During test cycle, temperature should be maintained in 85 ± 2 °C and 
relative humidity should be 85 ± 5 %. In this thesis, one 500-hour cycle was used to detect 
possible effects on adhesion.  
For this test, samples were placed to a self-designed aluminum channel structure to reduce 
required space in test chamber and to enable more practical placement of the samples. 
Samples were aligned between aluminum channels so that substrate corners were placed 
to the diagonally cut slots of the channels. The order of the samples in this test is not 
significant, since conditions are stable in the whole chamber. Designed holder structure, 
sample location and placement in Weiss C340 test chamber are demonstrated in Figure 
17.  
In addition, a cyclic salt mist-test according to the IEC 60068 2-52 standard [73] was used 
with severity level four. This test is intended for testing of aging effects by frequent 
changes between salt-laden and dry atmospheres. This test is useful especially for marine 
applications, where devices are exposed to salty and humid environment. In addition, it 
is an attractive test method to simulate aging of base station applications, which are often 
located outdoors. 
For this test, samples were placed to an Ascott S450XP chamber, as demonstrated in 
Figure 18. It may be observed that the used NaCl (Sodium Chloride) concentration is 
sprayed upwards from the bottom of the chamber. The spray shooting openings are 
marked with a black circle. Thus, the salt concentration is not sprayed evenly to the cham-
ber. Therefore, to prevent sample placement in chamber from affecting test results, sam-
ples were placed to the chamber randomly. Similar aluminum channels were used for 
sample placement as in 85/85 test. When test was finished, samples were removed from 
test chamber and rinsed with water to remove excess salt.  
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Figure 17. a) Channel structure designed for the sample placement in 85/85-test, b) 
sample placement on the holder, c) sample location in the chamber. 
Figure 18. Salt-mist chamber from a) outside, b) inside. 
37 
5. CHARACTERIZATION 
After each fabrication step, samples were characterized according to Figure 10 process 
chart. Since the objective was to characterize untreated PPE substrates, as well as surface 
treatment effects on substrates and performance of printed structures, such characteriza-
tion methods were selected that characterization would be as accurate and effective as 
possible.  
Selected characterization methods are presented in this chapter. First, the surface analysis 
tools are discussed. Secondly, methods for quality inspection are presented. After that, 
conductivity measurement setup and adhesion characterization method are discussed re-
spectively.  
5.1 Surface analysis 
For the characterization of untreated PPE substrates, an optical microscope was used to 
inspect the main differences between the injection-molded and extruded substrates. In 
addition, both surface energy and surface roughness of the untreated PPE substrates were 
measured to be used as a reference for surface treatment characterization. Surface energy 
was measured with special measurement pens from Dyne-Testing. These pens have been 
designed to enable rapid and simple measurement of surface energies. Pens contain fluid 
mixture, concentration of which is varied to produce large scale of surface energies. 
With Dyne-pens, surface energy measurement is executed by drawing a line to the sub-
strate surface. If the used fluid remains on the surface for at least three seconds, surface 
energy has the minimum numeric value of that Dyne-pen. Otherwise, if fluid is drawn 
back in less than one second, surface energy of the substrate is smaller than the pen sur-
face energy value. Lines are drawn until the best surface energy approximation has been 
made. A set of 20 Dyne-pens with values 30-60 Dynes/cm (mN/m) were used in this 
thesis. Surface energies were measured again after surface treatments to compare the 
measured values.  
To be able to analyse the surface profile of samples, substrates were inspected with an 
optical profilometer Veeco Wyko NT1100 to see the possible effects on surface rough-
ness. With an optical profilometer, several roughness parameters can be obtained. The 
RMS (Root-Mean-Square) roughness Rq  may be calculated: 
𝑅𝑞 = √
1
𝑛
∑ 𝑦𝑖
2𝑛
𝑖=1 ,         (7) 
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where y is the deviation over the roughness mean, and n is the number of samples [74]. 
This parameter describes the standard deviation of height distribution on the surface, and 
it is affected greatly by the deviations from the surface mean line. It is therefore a good 
measurement parameter for rough substrates with a lot of deviation. In addition to sub-
strate surface characterization, this parameter may be used to evaluate the uniformity of 
the printed conductors. 
Another important parameter used to measure surface roughness is range Rt [74]. It is 
defined as the difference between the highest peak and lowest valley on the measured 
surface area and may be written : 
𝑅𝑡 =  𝑅𝑝 − 𝑅𝑣,          (8) 
where Rp is the highest peak of the surface profile and Rv is the lowest valley of the 
surface profile [74]. This parameter can be used to evaluate surface roughness, as well as 
thickness of printed conductor lines. 
5.2 Print quality inspection 
Due to different level of wettability caused by surface treatments, line dimensions may 
vary in the printed structures. In addition, line thickness and surface porosity of prints 
may vary due to the different ink compositions and printing parameters.  An optical mi-
croscope was used for quick print quality check and to measure line widths after sintering, 
whereas thickness and porosity of cured prints were measured with an optical profilome-
ter. The maximum height difference of the profile Rt was used to determine the maximum 
line thickness and RMS-roughness Rq was used to analyse the deviations of the line pro-
file. Calculated values were used to analyse print quality obtained with used inks and 
printing parameters.  
SEM (Scanning Electron Microscopy) was used to analyse the silver flake topology of 
the cured conductors. In addition, SEM images were obtained from ink-substrate cross-
sections to see if inks adhere differently on treated surfaces. Results of print quality in-
spection are presented in Chapter 6. 
5.3 Conductivity measurements 
To measure sheet resistance of the printed samples, a Keithley 2425 sourcemeter was 
connected to a 4PP measurement system presented in Figure 19. Two probes were con-
nected to input channels of the sourcemeter, and the other two probes were connected to 
sensing channels of the sourcemeter. All measurements were executed in 4 wire sense-
mode and a source current of 10 mA was used. 
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In Figure 20, probe placement on measured conductor pads is demonstrated. The probes 
on the outer pads feed current to the conductor and the probes on the inner pads are used 
to measure voltage created between them.  
Figure 19. 4PP measurement setup. 
Figure 20. Probe placement on the conductor pads. 
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Conductor sheet resistances were calculated from measured voltage values by equation 
(6), and calculated values were compared between each ink-substrate combination. Re-
sults are discussed in Chapter 6. 
 
5.4 Adhesion classification 
Mechanical performance of printed samples was determined by a cross-cut test, as in-
structed in ASTM D3359 standard [75]. Samples printed with test pattern B were used in 
this test. As instructed in the standard, first a specific cutting tool was used to cut printed 
square patterns horizontally so that the printed structure was pierced thoroughly and sub-
strate material was reached. Cuts were inspected with a magnifier lens and when cutting 
depth was observed to be satisfactory, cutting process was repeated so that new cuts were 
aligned at 90˚ angle from first cuts. Cutting quality was again inspected and if new cuts 
were appropriate, next test phase was executed. Otherwise, new cuts were made next to 
previous cuts, as instructed in the test standard. In Figure 21, a sample before and after 
cutting phase is demonstrated. 
 
Next, a standardized adhesion tape was used to determine peel-off adhesion of prints. 
First, two full rounds of tape were removed from the roll, and approximately 7.5cm-long 
tape pieces were cut. Tape pieces were then applied onto test patterns so that the cut in-
tersection was aligned in the middle of the tape piece. When tape was applied to the sam-
ple, proper adhesion was ensured by rubbing tape surface with finger and eraser. 90 ± 30 
s after tape application, it was peeled off from the free end on, pulling it off rapidly at 
180˚ angle.  
Figure 21. a) Pattern B after printing, b) Pattern B after crosscut test. 
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After tape peeling, adhesion was classified from the cut intersection by a standardized 
classification scale. ASTM-D3359 standard scale used in this thesis is presented in Table 
14. The results of this classification are presented in Chapter 6.  
 
Table 14. Adhesion classification by ASTM-D3359 standard. 
Classification scale Area removed, % 
5B 0 
4B ˂5 
3B 5-15 
2B 15-35 
1B 35-65 
0B >65 
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6. RESULTS AND DISCUSSION 
In this chapter, the main results obtained in this study are presented. In addition to the 
parameters related to substrate parameters and performance of printed structures, the suc-
cess of printing process and test method validity are discussed. 
First, surface characterization results for each test substrate are presented. Secondly, qual-
ity of printed patterns is evaluated. After that, sheet resistance measurement results and 
adhesion classification results are presented. Finally, aging effects caused by the environ-
mental reliability tests are demonstrated. 
6.1 Surface profile 
Visual inspection with an optical microscope revealed that surface of the injection-
molded Preperm® L260 substrate is rather flat and smooth, despite the faults caused by 
the molding process. On the contrary, extruded substrates appear to have a rather rough 
surface profile, but without any visually observed faults. These differences between dif-
ferently molded substrates are demonstrated in Figure 22. 
 
 
Figure 22. a) injection-molded surface b) faults in injection-molded surface c) ex-
truded, rough surface d) extruded smooth surface. 
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When Figures 22 a) and 22 b) are compared, it may be observed that the difference be-
tween smooth surface and faults is quite significant. These faults cover approximately 2-
15% of substrate surfaces. On the other hand, surface of extruded substrate in Figure 22 
c) is more evenly patterned. Other side of the extruded substrates (Figure 22 d)) is smooth 
and shiny, and it was decided that rougher side of the substrate would be used to print test 
samples, since the smoother side was observed to be quite similar to the injection-molded 
substrate surface.  
First, these substrates were compared to surface treated substrates by the measured sur-
face energy values. In Table 15, the measured surface energy values for different sub-
strates obtained in the initial tests are listed. Surface energy values in Table 15 indicate 
that especially oxygen plasma and flame-pyrolytic silicating had a great impact on the 
measured surface energy, since surface energies were observed to exceed Dyne-pen 
range, indicating that surface energy was more than doubled. It was observed that surface 
profile obtained with plasma treatment was roughened by increasing exposure power, and 
therefore 75 W exposure power was selected for plasma treatment. 
In addition, it was observed that even one-minute and two-minute etching with sulfuric 
acid did increase substrate surface energy. However, it seemed that surface energy was 
saturated after five-minute treatment, since no further increment was observed with 
longer etching times. Furthermore, surface profile appeared to be similar. Therefore, it 
was decided that five-minute acid etching would be used in test sample fabrication. 
On the contrary, etching with KOH did not modify substrate surface energy even with the 
longer etching times. A higher KOH concentration (30%) was applied to the substrates to 
see if stronger base solution would improve results, but it was observed, that the higher 
concentration did not have any effect on the surface energy either. In addition, no altera-
tions could be observed in surface profile. Therefore, it was decided that for further anal-
ysis, substrate would be treated with 5-10% KOH concentration.  
In addition, it was observed that ethyltriglycol coating did not change surface energy of 
substrate pretreated with sulfuric acid. When the ethyltriglycol coating is sprayed on the 
substrate with acid remnants, it is likely that these chemicals react and form new func-
tional groups on the surface. However, it seems that these new bonds are not able to 
change the surface energy of the surface.    
Furthermore, to be able to optimize sample fabrication process before printing, surface 
energies of acid etched samples and plasma treated samples were measured over time to 
see if surface energy would decrease. It was observed that surface energies did not change 
over time, which indicates that these treatments caused a permanent modification of the 
surface. However, since the surface energies were measured only within the Dyne pen 
range, it is not certain whether there has been any reduction in the absolute surface energy 
values obtained with plasma treatment.  
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Table 15. Measured surface energy values. 
Surface treatment 
Surface energy (mN/m) 
Reference 
30-32 
Oxygen plasma 
25W/1min. 50W/1min. 75 W/1min. 
≥ 60 ≥ 60 ≥ 60 
Sulfuric acid (98 %) etching 
1 min. 2 min. 5 min. 10 min. 15 min. 
38 46 56-58 58-60 58-60 
KOH (5-10 %) etching  
1 min. 2 min. 5 min. 10 min. 15 min. 
32-34 32-34 32-34 32-34 32-34 
KOH (30 %) etching 
1 min. 2 min. 5 min. 10 min. 15 min. 
 - 32-34 32-34 - 
Flame pyrolytic silicating (NanoFlame) 
≥ 60 
Ethyltriglycol coating 
(3 coating layers, curing in 100 ºC/10-20 min.) 
33-39 
Ethyltriglycol coating & sulfuric acid etching 
(5 min. etching,1 coating layer, curing in 100 ºC/10-20 min.) 
58-60 
Extrusion 
30-32 
 
After treatment parameter selection, test substrates were fabricated accordingly. The ob-
tained surface profiles for these test substrates are presented in Figure 23. In this Figure, 
measured Rq-values are presented as a function of measured Rt-values. 
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By Figure 23 can be observed that the Rq-value of the injection-molded substrate is below 
60 nm and range Rt is below 1 µm. Roughness parameters of extruded substrate are pre-
sented on a separate scale, since measured values were significantly larger than other 
values. Since the extruded substrate is same material as the reference substrate, the ex-
tremely rough surface profile is caused by the molding process.  
All treatments seem to alter at least one of roughness parameters. Etching with either 
KOH or sulfuric acid did not seem to cause any significant alterations in RMS-roughness, 
but minor alteration in height range of surface profile was observed. Obtained values with 
both Nanoflame and ethyltriglycol were higher, almost 1.5 times higher than the original 
values. However, there is a significant variation in the measured values of ethyltriglycol 
coated surface, most likely due to the uneven coating.  
The most significant alterations of surface profile were obtained with plasma treatment 
and the chemical treatment by etching and coating. These roughness values are 2-3 times 
higher than the original values. Plasma treatment seems to produce less variation, whereas 
with other treatments, a lot of variation can be observed. This is most likely due to the 
nature of treatment; plasma parameters may be controlled during treatment and thus the 
whole substrate is treated equally, whereas other treatments are manual and conditions 
cannot be controlled as strictly.  
In Table 16 are presented the measured surface energy values and calculated roughness 
parameter means for each test substrate. The results in Table 16 indicate that no direct 
relation between measured surface energy and surface roughness parameters could be 
found. Plasma treatment both cleans and etches the substrate surface, which explains the 
relation between measured values. Since neither of etching treatments did cause signifi-
Figure 23. Measured Rq as a function of Rt. Rt value 0.7µm used as a reference. 
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cant alteration of surface roughness parameters, it is likely that the increased surface en-
ergy of the acid etched substrates is due to the acid remnants on the surface, and the 
substrates have not been etched physically.  
Table 16. Surface energies and surface roughness parameters. 
Treatment 
Surface energy 
(mN/m) 
Rq mean 
(nm) 
Rt mean 
(µm) 
Reference 30-32 41,5 0,65 
Plasma ≥ 60 85,0 1,58 
Sulfuric acid 58-60 43,0 1,02 
KOH 32-34 43,6 0,95 
Nanoflame ≥ 60 52,9 1,17 
Coating 33-39 68,1 1,18 
Acid + coating 58-60 77,2 1,53 
Extrusion 30-32 684,0 4,92 
 
Similar results can be observed with NanoFlame treatment, where surface energy has 
been increased due to the silicon oxide on the surface, but surface profile has not been 
altered significantly. As discussed above, coating with ethyltriglycol did not cause signif-
icant alteration of surface energy, but surface was even 1.5 times rougher than in the 
reference case. Furthermore, with both plasma treatment and the combined chemical 
treatment, two times higher surface energies and 2-3 times higher surface roughness val-
ues were obtained.  
6.2 Print quality 
In this section, the results obtained by the optical inspection of printed lines are presented. 
The results of line thickness measurements with the optical profilometer are demonstrated 
in Figure 24. In this Figure, the main effects of used inks are plotted. 
Comparison of measured Rt values presented in Figure 24 reveals that measured thick-
nesses differ greatly depending on the ink used.  Most variation is observed with Nova-
centrix HPS-021LV ink, whereas HPS-FG32 from same manufacturer led to least varia-
tion in thickness. Asahi LS411AW seemed to result in thickest lines. Some variation is 
observed with SuNChemical CRSN2442 and DuPont 5064H, but it is not as significant 
as with HPS-021LV. These results are most likely related to the ink viscosity and metal 
contents. LS411AW viscosity is significantly higher than that of other inks, and it has 
highest metal contents. Thus, this ink will not spread as easily, and more metal particles 
remain after curing, resulting to higher layer. Viscosities of HPS-021LV and CRSN2442 
are rather low compared to other inks, but they have high metal contents of 70% and 75%. 
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Low viscosity inks spread easier than high viscosity inks, but more ink is deposited 
through the screen. Therefore, obtained thickness values are only a bit lower than with 
LS411AW. 
 
 
Other parameters having an impact on these results are ink amount on the screen and ink 
behavior during printing. Thinnest lines have been printed with HPS-FG32, and are most 
likely caused by smaller amount of ink on the screen. With CRSN2442 and HPS-021LV, 
tendency to dry on the screen was observed. With CRSN2442, drying was not that sig-
nificant, but with HPS-021LV, clogged screen had to be cleaned several times during the 
printing process. Furthermore, this tendency to dry quickly may lead to ink drying on the 
substrate between the squeegee movements, which could explain the significant variation 
in HPS-021LV line thickness values. Undesirable drying tendency of aqueous ink may 
be reduced by adding solvents to the mixture. In for example [76], organic solvent was 
added successfully to aqueous screen printing inks to prevent ink drying and screen clog-
ging.  
It is also possible that curing parameters have affected results: the optimum curing con-
ditions have not been determined for these samples. Therefore, some samples may have 
been sintered more effectively than others, and different solvent concentrations remain in 
the structures after curing. 
Figure 24. Measured line thickness values for the printed conductors. 
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In addition to obtained line thickness values, RMS roughness Rq was measured to com-
pare the uniformity of the printed lines. Great variation was observed and it seemed that 
higher line thicknesses led to more porous line surfaces. However, it seemed that printing 
parameters and ink behavior during printing affected these results. For example, thick 
lines obtained with LS411AW were smoother than thick lines obtained with ink HPS-
021LV. Some examples of this surface roughness variation in a conductor are presented 
in Figure 25 for LS411AW and in Figure 26 for HPS-021LV.  
 
 
Measured Rq and Rt values for the conductors are presented numerically in Figure 27, so 
that Rq is presented as a function of Rt. It can be seen, that lines with maximum thickness 
below 25 µm are likely to be more uniform than lines with greater maximum value of line 
thickness. This result indicates that variation in line thickness is dependent on process 
parameters, which need further optimization. 
As already suggested in equation (4), line thickness has a great impact on the final resis-
tivity of the printed lines. In addition, other line thickness-related parameters should be 
considered carefully, especially in HF-applications. In for example [77], the effects of 
different fabrication methods and materials on the quality of passive UHF (Ultra High 
Frequency) RFID tags was determined. It was concluded, that uniform line structure is 
essential for the tags to operate.  
 
Figure 25. Profilometer pictures of line profiles with LS411AW. a) Line with average 
thickness b) thick line. 
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Another important parameter related to line thickness, especially at high frequencies, is 
skin effect. Current density is packed near the conductor surface, and below the surface 
Figure 26. Profilometer pictures of line profiles with HPS-021LV. a) Line with average 
thickness b) thick line. 
Figure 27. Rq-values of line thickness as a function of line thickness Rt with 
inks all inks. 
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amplitude is attenuated. By the penetration depth, amplitude is close to zero [77]. There-
fore, it is essential to ensure that lines are thick enough, to minimize losses in the conduc-
tors due to skin effect.  
However, penetration depth inversely proportional to the used frequency: as the operating 
frequency increases, penetration depth is decreased and maximum line thickness value 
becomes less significant [78]. However, the uniformity of the printed lines becomes more 
important at high frequencies, since the signal is likely to be transmitted only in the sur-
face of the conductor, and thus roughness of the conductor surface lengthens signal line, 
causing more losses. For example, most of the printed lines in this study would be poor 
quality conductors, if penetration depth would be only 5 µm.   
Therefore, optimization of printed line surface roughness is necessary to produce good 
quality conductors. To avoid additional process steps, smoother lines could be obtained 
by optimized screen parameters. However, it is not always possible to produce smooth 
lines by only adjustment of printing parameters and methods for line smoothening after-
wards exist. In [57] and [79], printed lines were smoothened by calendaring. Printed struc-
tures were heated and pressed to achieve more uniform surfaces. [57] observed that the 
smoothened line surface enabled significantly better conductivity for LS411AW ink.  
In this study, conductor line widths were measured from microscope images to see the 
effects of substrate wettability. Measurement data for inks CRSN2442, LS411AW, 
5064H and HPS-021LV by reference substrate and two treated substrates is presented in 
Figure 28. Most of the measured line width values were observed to be in the range from 
1200 µm to 1400 µm. Due to the rather small difference in line widths, compared to the 
wet line width of 1.3mm, line lengths were not measured for further analysis. 
The measurement of line widths with selected substrate-ink combinations revealed that 
both the surface roughness and the surface energy of the substrate have an impact on line 
width. With almost all inks, plasma treatment resulted in widest lines. Furthermore, re-
sults of extruded substrate and the substrate treated with both acid and ethyltriglycol ap-
pear to be the same. This result supports the conclusion that both surface parameters have 
an effect on the wetting of the ink-substrate interface, since extruded substrate has the 
same surface energy as the reference substrate, but is clearly the roughest of the sub-
strates. On the other hand, measured surface roughness of chemically etched and coated 
substrates was lower, but their surface energy is twice that of the extruded substrate.  
The most significant abnormities from this trend are observed with CRSN2442 ink. The 
effects seem to be the exact opposite of those with other inks. This is in contradiction with 
the measured surface energies and result is probably caused by printing parameters: 
CRSN2442 seemed to dry during the printing process. It is possible that some screen 
openings have been clogged and thus line width is decreased. 
51 
SEM was used to inspect the differences between flake topologies of the cured patterns. 
Obtained SEM images are included in Figure 29. It can be observed that HPS-FG32 and 
HPS-021LV inks seem to have rather similar flake topology. The shape and size of the 
silver flakes can be determined from the Figure. Inks seem to include both smaller and 
bigger flakes. However, ink HPS-FG32 composition seems to be less compact than that 
of ink HPS-021LV.  
 
 
On the other hand, flakes cannot be told apart as easily with other inks.  CRSN2442 com-
position differs from other pastes, as the line surface consists of small flakes. On the other 
hand, LS411AW line surface seems to consist of both smaller and bigger particles, 
whereas surface of 5064H consists mostly of bigger particles.  
In [56], the relation between flake size and print resolution was studied. It was observed 
that line width had an impact on thickness, surface roughness and aspect ratio of the 
printed lines with LS411AW and 5064H. As line width decreased, aspect ratio and uni-
formity of the printed lines seemed to decrease. This deformation was more significant 
with 5064H than with LS411AW. This result could be caused by the ink composition: 
bigger flakes require more space to form a uniform structure, whereas the combination of 
differently sized flakes could help to achieve compact patterns with better resolution. 
Figure 28. Measured line widths forCRSN2442, LS411AW, 5064H and HPS-021LV 
inks  on reference, plasma treated, etched & coated and extruded substrates. 
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Figure 29. SEM images of flake topologies with a) CRSN2442 b) HPS-FG32 c) 
LS411AW d) 5064H and e) HPS-021LV. 15k magnification, EHT 1.00 kV. 
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6.3 Conductivity 
Sheet resistances of the printed conductors were calculated by equation (6), based on the 
voltages measured by 10 mA supply current. For the initial calculation of the conductivity 
values, width and length of the printed lines were assumed to be close to the designed 
pattern dimensions. The numerical conductivity results are presented in Figure 30. Each 
column of Figure 30 contains results for one ink and each row contains results for one 
substrate. 
   
 
Figure 30 reveals that most of the measured sheet resistances are between 10 mΩ/□ and 
20 mΩ/□. As expected, lowest sheet resistances were measured with Novacentrix HPS-
021LV, DuPont 5064H and SunChemical CRSN2442, and their results are rather similar. 
On the other hand, sheet resistances measured with Asahi LS411AW are a bit higher. 
Therefore, it may be concluded that obtained sheet resistances were excellent, compared 
to the manufacturer information presented earlier. Thus, by this main effect, both printing 
process and curing conditions seem to have been sufficient for these ink-substrate com-
binations.  
However, results obtained with HPS-FG32 were significantly worse with recommended 
sintering conditions, and it was discarded from this comparative analysis. New samples 
Figure 30. Measured sheet resistances, 10 mΩ/□ and 20 mΩ/□ as references. 
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were fabricated on three substrates to see the effects of doubled sintering time. The results 
of this comparison are included in Figure 31. These results indicate that longer sintering 
time resulted to significantly better sheet resistance values, but as no sheet resistance val-
ues below 40 mΩ/□ could be measured, it was concluded that this ink was not able to 
compete with other inks and should be discarded from further analysis. 
 
 
To see the effects of line width on conductivity results, sheet resistances were calculated 
again with the measured line widths. In Table 17 are presented sheet resistance values of 
Asahi LS411AW ink with both designed line widths and measured line widths. 
 
Table 17. Measures sheet resistances of LS411AW ink with ideal line widths and meas-
ured line widths. 
Ink-substrate combination 
Sheet resistance (mΩ/□) 
designed line width 
Sheet resistance (mΩ/□) 
measured line width 
LS411AW / Reference 24,05 25,16 
LS411AW / Plasma 20,48 22,20 
LS411AW / Acid +coating 20,03 21,34 
LS411AW / Extrusion 17,18 18,51 
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Figure 31. Measured sheet resistances with HPS-FG32. 
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Table 17 results indicate that 100µm difference in line widths may result to even 2 mΩ 
(10 %) difference in measured sheet resistances. This difference is quite remarkable, and 
indicates that process optimization is needed. However, as process parameters for used 
inks could not be optimized in this study, designed line width values were used to com-
pare measured sheet resistances. 
After the initial sheet resistance measurements, a normality test was run for the most suc-
cessful inks to see whether measurement data was normally distributed or not. Normally 
distributed data indicates that used ink is reliable, printing process was successful and 
curing conditions have been sufficient. On the other hand, if anomalies can be observed, 
it is likely that at least one of these parameters needs further optimization.  
The most important normality test parameters include AD (Anderson-Darling) value and 
P (Probability) -value, which are dependent on the used CL (Confidence Level). If a CL 
of 95 % is used, a P-value below 0.05 indicates that the likelihood of normal distribution 
is below 5 %, and therefore data cannot be assumed to be normally distributed. Further-
more, if obtained P-value is at least 0.05, there is at least 5 % likelihood of normal distri-
bution. In addition, obtained AD value should be inspected. The critical value for this 
parameter is 0.75. If calculated AD value is below 0.75, data may be normally distributed 
and if not, analysis tools of normally distributed data should be discarded. If both AD 
value and P-value indicate that data is normally distributed, obtained standard deviation 
σ is valid for this data. Mean value µ can be used for comparison even though data is not 
normally distributed.  [80-82]  
Table 18 contains the normality test results with CL of 95 % for measured sheet re-
sistances. These results indicate that the likelihood of LS411AW sheet resistances to be 
normally distributed is at least 17 % in all but one of the ink-substrate combinations.  On 
the other hand, it seems that most anomalies occur in 5064H results. To be able to analyze 
the cause of these anomalies in the data distribution, a normality test was run to those 
samples, for which P-value was significantly below 0.05. These test results have been 
included in Appendix A.  
Obtained values (Appendix A) indicate that there is a lot of variation between fabricated 
samples. On the other hand, results reveal the significant drawback of the normality test: 
even though there is almost no variation in the results and calculated mean is optimal 
(5064H Extrusion, sample 2), test parameters indicate that distribution would be non-
normal, and thus a flaw would have occurred either due to ink or process parameters. 
Therefore, normality test may be concluded to offer good approximation of process pa-
rameters and materials, but more test samples should be fabricated to achieve reliable 
results. 
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Table 18. Normality test of sheet resistances, mΩ/□. 
 CRSN2442 LS411AW 
Substrate µ σ N AD P µ σ N AD P 
Reference 17,28 1,13 20 0,321 0,507 24,05 1,73 20 0,379 0,372 
Plasma 15,47 2,71 20 0,509 0,175 20,48 0,89 20 0,346 0,223 
Sulfuric acid 23,78 3,17 20 0,407 0,317 21,34 1,33 20 0,395 0,340 
KOH 16,14 3,25 20 0,507 0,177 19,43 1,74 20 0,636 0,083 
NanoFlame 18,35 1,73 20 0,199 0,867 19,96 1,08 20 0,512 0,171 
Coating 16,40 4,49 20 0,467 0,225 20,49 2,02 20 0,425 0,286 
Acid + coating 17,50 2,68 20 1,346 0,005 20,03 1,58 20 0,327 0,496 
Extrusion 25,13 14,3 20 0,690 0,060 17,18 1,24 20 0,230 0,779 
 5064H HPS-021LV 
Substrate µ σ N AD P µ σ N AD P 
Reference 18,86 3,21 20 1,188 0,005 12,24 1,82 20 0,469 0,222 
Plasma 15,17 1,17 20 0,739 0,045 16,07 2,48 20 0,575 0,119 
Sulfuric acid 37,05 13,8 17 0,533 0,148 17,25 4,66 19 0,944 0,013 
KOH 13,90 1,70 18 1,267 0,005 14,00 1,94 20 0,680 0,064 
NanoFlame 19,96 1,51 20 0,261 0,670 13,00 1,41 20 0,548 0,138 
Coating 15,73 1,02 20 0,328 0,492 15,27 2,09 19 0,531 0,152 
Acid + coating 14,41 1,45 19 0,156 0,945 15,21 1,41 20 0,694 0,059 
Extrusion 14,63 1,81 20 1,385 0,005 14,37 1,95 20 0,303 0,541 
 
After the normality test of anomaly distributed data, two samples of each ink-substrate 
combination were inspected to find the cause for the differences between samples. Meas-
ured sheet resistance values for each conductor of the samples are presented in Appendix 
B. As each sample consisted of ten conductors printed on same substrate, calculated sheet 
resistances were plotted by the conductor order to enable more accurate analysis. Con-
clusions are summarized in Table 19. 
Table 19 conclusions are based on the comparison of line thickness parameters, visual 
inspection of the samples and comparison of curing conditions. Consequently, these re-
sults emphasize the complexity of the printing process. With CRSN2442 printed on 
etched and coated substrate, quality issues were observed in the conductive lines of the 
second sample, caused by the clogging of the screen. This is most likely related to ink 
behavior, as CRSN2442 ink was observed to dry rather fast in the process.  
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Table 19. Causes for sample set differences, non-normal distributions. 
Ink-substrate combination Cause for sample set differences 
CRSN2442 / Acid + coating Ink behavior 
DuPont 5064H / Reference Printing parameters 
DuPont 5064H / KOH Printing parameters 
DuPont 5064H / Extrusion Curing conditions 
HPS-021LV / Sulfuric acid Ink behavior 
 
With DuPont ink printed on the reference substrate, it was observed that the samples were 
similar, but the measured sheet resistances were higher for conductors 6-10 than those of 
conductors 1-5. The inspection of line thicknesses revealed that conductors 1-5 were a 
few microns thicker than other conductors, indicating that squeegee alignment has been 
askew. However, this phenomenon could not be observed with same ink and KOH-treated 
substrate. Instead, sheet resistances were almost identical in one sample, but values dif-
fered between the two samples. This result indicates that either ink amount on the screen 
or curing conditions have affected results. However, as no significant difference in line 
thickness was observed and same curing conditions were used for both samples, the rela-
tionship between these results cannot be determined. Sample set placement in curing oven 
may have affected results. 
Finally, HPS-021LV printed on acid etched substrate was inspected. It was observed that 
print quality of first sample was worse than that of the second sample. Line structures of 
the first sample are significantly more porous, and thus sheet resistance is higher. This 
difference is most likely due to the fast drying of the aqueous ink, as observed earlier.  
 
If obtained sheet resistances are compared for example to results of [71], it seems that 
obtained sheet resistances from 10 mΩ/□ to 20 mΩ/□ would be well suited for printed HF 
applications. However, as observed in [71], HF performance of printed conductors is not 
directly proportional to the measured sheet resistance values, and therefore, characteriza-
tion of HF properties is needed to provide good quality conductors for HF applications. 
This characterization includes for example transmission loss measurements and printing 
process optimization. 
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6.4 Adhesion 
 The results of the ASTM D3359 crosscut test for each ink-substrate combination are 
presented below in Figure 32.  
 
 
In Figure 32, each row contains information of one ink. Columns from left to right present 
substrates. As it was observed that all samples from the first set printed with HPS-FG32 
ink experienced an ink cohesion failure in the crosscut test. In addition, the remaining 
silver structure on the substrate was conductive, whereas the top layer removed by tape 
was not. This result indicates that samples were not cured thoroughly. In [29], similar ink 
behavior in adhesion tests was observed due to insufficient curing times. Therefore, those 
results are not included in Figure 32. Since measured sheet resistance of HPS-FG32 ink 
remained high even with doubled sintering time, the mechanical performance of this ink 
was not evaluated.  
The crosscut test results indicate that plasma, NanoFlame treatment and the combined 
treatment of acid etching and spray coating improved adhesion significantly, based on 
Figure 32. Adhesion classification results. 
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CRSN2442 ink results. With these treatments, level of adhesion was improved signifi-
cantly from the results obtained with the bare injection-molded substrate. On the other 
hand, either acid etching only or spray coating without prior etching step did not seem to 
improve results. Similar result was observed with KOH treatment.  
These results indicate that both surface roughness and surface energy of the substrate have 
an important role in the formation of adhesive bonds between ink and substrate: mechan-
ical interlocking is more likely with rough, hydrophilic surface. In addition, this result 
indicates that ethyltriglycol is a useful adhesion promoter, but a prior treatment is needed 
to make substrate more hydrophilic, thus enabling even coating.  
In Figure 33, cross-section images obtained with SEM demonstrate the interface between 
ink and substrate in two cases. In Figure 33a), the interface of CRSN2442 and reference 
substrate is presented, and in Figure 33b), the interface between CRSN2442 ink and the 
chemically etched and coated substrate is presented. The comparison of these cross-sec-
tions indicates that rougher surface profile may have enhanced ink interlocking on the 
substrate surface. However, more analysis of interface cross-sections is needed before 
any conclusions can be made.  
On the other hand, it may be observed that flake composition is not entirely compact, 
especially on the top of ink layer. It is possible that longer sintering times are needed to 
remove all solvent from the structure. In [29], effects of sintering time and temperature 
on printed structure performance was studied. It was observed that both conductivity and 
adhesion of the cured structures are highly dependent on sintering conditions. Sufficient 
conductivity could be achieved faster than good adhesion. In this study, only datasheet 
curing conditions were used to be able to compare test samples. However, the effects of 
sintering conditions on both conductivity and adhesion of these ink-substrate combina-
tions should be studied further. 
Adhesion on the extruded surface was even worse than adhesion of the injection-molded 
substrate with two of the used inks (CRSN2442 and 5064H). However, adhesion of 
LS411AW and HPS021LV was extremely good on this substrate. This result could be 
caused by the phenomenon discussed in Subchapter 2.1.3: as the hydrophobic surface 
profile is made rougher, contact angle is even higher, and thus ink interlocking onto the 
substrate surface is prevented, because ink cannot form physical contact with the notches 
on surface. The difference between ink results could be due to the ink composition dif-
ferences observed in Figure 29 SEM images: ink consisting of multiple flake sizes may 
be able to interlock on the rough surface better than those inks containing only flakes with 
approximately same size. 
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Another important result obtained from this test was the significance of faults observed 
on the injection-molded surface. Altogether ten silver squares were fabricated for each 
ink-substrate combination. Closer inspection of Figure 32 reveals that more than one 
square was discarded from the analysis with most ink-substrate combinations. This was 
due to the observation that the faults on the injection-molded substrates led to adhesion 
failures. However, these results are not comparable to the adhesion failures obtained on 
the smooth substrates and were thus ignored. Furthermore, this result indicates that the 
molding process influences the adhesion of the ink-substrate interface, and should be con-
sidered carefully.  
6.5 Reliability 
The ink-substrate combinations selected for the accelerated environmental tests are listed 
in Table 20. First, DuPont 5064H and Novacentrix HPS-021LV were selected based on 
both the conductivity and adhesion results. Measured sheet resistances of Asahi 
LS411AW were a bit higher, but as the adhesion of this ink was superior to the others, it 
was selected to further analysis. Plasma treatment as well as the combined treatment of 
acid etching and spray coating were selected, based on the performance in the crosscut 
tests. In addition, NanoFlame treatment was considered as an alternative, but was dis-
carded since combined chemical treatment provided better adhesion results for 5064H. 
Untreated injection-molded substrates were used as a reference in these tests.  
After the accelerated environmental stress tests, adhesion was rated for tested samples. It 
was also observed that dark marks had been appeared to the silver squares, most likely 
Figure 33. Cross-section images of a) reference substrate and b) acid etched and 
spray coated substrate. 9k magnification, EHT 5.0 kV. 
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due corrosion. In Figures 34-36 are presented the visually observed corrosion marks on 
silver squares after both tests.  
As shown in Figures 34-36, minor corrosion marks could be observed in LS411AW and 
5064H samples after 85/85 test. Furthermore, amount of dark marks was increased sig-
nificantly with both inks after salt mist test. On the other hand, no signs of aging could 
be observed visually on the surface of HPS-021LV ink layers after either tests.  
 
Table 20. Selected substrate-ink combinations for the environmental tests. 
 
However, the results of the crosscut tests indicated that LS411AW and 5064H ink sur-
vived these tests better than HPS-021LV. Failure types encountered in these adhesion 
tests are presented in Figures 37 and 38. By the comparison of these test results, it can be 
concluded that most of the substrate-ink combinations survived the 85/85 test. As this test 
simulates the reliability in generic storage conditions, this is a promising result from the 
aspect of product lifetime. Some delicate cohesion issues were observed with a few sam-
ples of HPS-021LV. However, only light shadows of ink could be observed in tapes, and 
therefore these cohesion failures are not significant. 
Ink Substrate Sheet resistance (mΩ/□) 
Adhesion classification 
(mean) 
LS411AW 
 
1 24,05 5 
2 20,48 5 
7 20,03 5 
 
5064H 
 
1 18,86 4,9 
2 15,17 5 
7 15,10 5 
 
HPS-
021LV 
1 12,24 5 
2 16,07 5 
7 15,21 5 
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On the other hand, the salt mist test had a great impact on the ink-substrate interface 
behavior. HPS-021LV adhesion was worsened dramatically: all samples failed either by 
adhesion or ink cohesion. In many test samples, ink was flaking off even prior to tape 
placement, and thus adhesion had failed completely. In most cases, both ink cohesion and 
Figure 35. LS411AW corrosion after a) 85/85 test, b) salt mist test. 
Figure 34. 5064H corrosion n after a) 85/85 test, b) salt mist test. 
Figure 36. HPS-021LV corrosion after a) 85/85 test, b) salt mist test. 
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adhesion failed, so that cohesion failures were experienced in the middle of the squares 
and the square edges were flaking off. The impact of curing conditions could be excluded, 
since the removed ink layer remained conductive.  
On the other hand, only a few adhesion failures occurred with 5064H ink, whereas ink 
cohesion failed in most samples. It was observed that failures occurred in those sections 
of the squares, in which corrosion was also observed visually. However, other layers of 
the ink squares were not removed, indicating that adhesion of this ink remained excellent 
despite the salt exposure.  
LS411AW seemed to be most resistant to corrosion in both of these tests. Almost 50% of 
the samples survived salt mist test with the reference substrates, whereas over 50% of the 
plasma treated substrates and almost 75% of acid etched and coated substrates survived 
salt mist conditions. Minor cohesion failures were observed in the corners of the squares 
due to corrosion. These removed layers were significantly thinner than the layers removed 
with other inks.  
Adhesion was classified by ASTM-D3359 standard for those samples, which had re-
mained intact or only the interface adhesion had failed. The results of this classification 
are presented in Figures 39 and40. By Figure 39 results can be concluded that 85/85 test 
did not cause adhesion degradation compared to the initial results of Figure 32, despite 
the few cohesion failures of HPS-021LV.  
However, the results presented in Figure 40 indicate that none of the inks could survive 
the cyclic salt mist test. In this test, the degradation of adhesion level was most significant 
with aqueous HPS-021LV ink. Its adhesion on the reference substrate was decreased from 
5B to 2B-0B. Ink cohesion failure occurred in 5% of the samples. The adhesion level of 
plasma treated samples could not be rated, since ink cohesion failed in all test samples. 
In addition, minor adhesion failures were observed in the corners of the test patterns. On 
the other hand, the adhesion rate of chemically treated samples remained in 4B, whereas 
ink cohesion failed in approximately 30 % of the samples. These results indicate that the 
interface adhesion fails before the ink cohesion, and surface treatments would improve 
results.  
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Figure 37. Occurred failure types after 85/85 test. 
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Figure 38. Occurred failure types after salt mist test. 
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Figure 39. Adhesion classification results after 85/85 test. 
Figure 40. Adhesion classification results after salt mist test. 
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In addition, ink cohesion seems to have failed with other inks, rather than ink adhesion, 
but since the ink removal has occurred only in the corroded parts, it may be concluded 
that ink adhesion has remained very good with most of the samples. The difference of the 
corrosion mechanism between the interface and ink layers may be related to the difference 
between ink compositions inspected with SEM. As the cured lines printed with 5064H 
and LS411AW are more porously structured, the corrosive compounds may penetrate the 
ink more easily, compared to the compact structure obtained with HPS-021LV, and thus 
ink cohesion fails before the interface adhesion. In [84] was observed, that silver tends to 
react with sodium chloride in humid environment, where relative humidity is greater than 
75 %, forming silver chloride.  
This observation is supported by the SEM images taken from top of the 5064H silver 
layer, where visually observed aging was most significant. The obtained SEM images are 
presented in Figure 41.  Figure 41 a) is taken from the middle of silver square and Figure 
41 b) is taken from the dark edge of square. New, differently shaped particles have 
emerged on the ink surface where aging was observed (Figure 41 a)). Comparison of these 
results to the results obtained in [84] indicates that these particles are most likely silver 
chloride, which has been formed in the salty and humid conditions, and possible remnants 
of sodium chloride.  
On the other hand, these particles could not be detected in the middle of the squares (Fig-
ure 41 a)). In addition, it was observed that the silver flake structure is more compact in 
the middle of the square. Thus, the attachment of the rather large sodium chloride crystals 
to the ink surface may have been prevented, and therefore silver chloride particles have 
not been formed.     
Furthermore, the level of adhesion degradation in salt mist test was highly dependable on 
the both ink and substrate. It seems that plasma treated substrate was the most successful 
choice in the 85/85 test, whereas chemically treated substrate led to best results in the salt 
mist test. However, both treatments improved the durability of the samples significantly.  
 In [71]  was observed that salt mist test caused significant degradation of adhesion, but 
that adhesion degradation was less significant, when suitable protective coating was ap-
plied. Thus, applying protective coating enabled better results than the bare interface. In 
conclusion, especially in outdoor applications, the importance of protective coating is 
emphasized when a long lifetime of a device is desired. With protective coating, corrosion 
of ink-substrate interface is reduced. 
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Figure 41. SEM images obtained from a) middle of the square b) square edge. 917X 
magnification, EHT 3.00 kV. 
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7. CONCLUSIONS 
In this thesis, performance of silver inks screen printed on a PPE based, low surface en-
ergy substrate was evaluated. The objective was to find such substrate-ink combinations, 
which would provide both good electrical and mechanical performance of printed struc-
tures. PPE is attractive substrate material for HF applications for its low dissipation factor 
and permittivity. In addition, injection-molding technology enables usage of creative mul-
tidimensional substrates. 
For the performance study, five commercially available, screen printable silver inks were 
selected based on both literature survey and manufacturer recommendations. The benefit 
of using commercial inks is that their composition is well developed for a large variation 
of applications. The criteria for ink selection included high silver contents to enable good 
conductivity. Good conductivity is crucial in especially HF applications. Inks with differ-
ent viscosities were selected so that effects on ink behavior and final results could be 
compared.  
PPE substrate surface is rather smooth and its surface energy is low. On the other hand, 
high surface energy and rough surface are typically needed to improve wetting and to 
promote adhesion of substrate-ink interfaces. Therefore, different surface treatments were 
used to modify substrate surface. These treatments included oxygen plasma treatment, 
etching with both sulfuric acid and KOH, flame-pyrolytic silicating and coating with 
ethyltriglycol. Most of these treatments have been used successfully in literature, and 
ethyltriglycol coating was chosen based on ink manufacturer recommendation. A PPE 
based substrate fabricated by extrusion was chosen as one test substrate to inspect the 
effects of molding process.  
Test patterns were screen printed with all inks on each substrate surface. Conductivity of 
printed conductors was evaluated by sheet resistance measurements and adhesion was 
evaluated with crosscut test. Based on the results obtained in these tests, ink-substrate 
combinations with best performance were selected for accelerated environmental tests. In 
this thesis, environmental reliability tests included exposure to elevated temperature in 
humid conditions and cyclic salt mist test. These tests were used to simulate effects of 
aging in storage conditions and reliability in salty and humid atmosphere, respectively.  
Promising results were obtained in sheet resistance measurements. Low sheet resistances 
between 10 mΩ/□ and 25 mΩ/□ were measured with all inks expect one, for which sheet 
resistances below 40 mΩ/□ could not be measured, and it was discarded from further 
analysis. Lowest values are well suited for HF applications. However, as a lot of variation 
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in line thicknesses was observed and many conductors were rather porous, process opti-
mization and transmission line characterization is needed before these inks can be utilized 
in HF applications.  
In addition to the measured sheet resistances, adhesion of the printed structures was eval-
uated by the ASTM-D3359 crosscut test. It was observed that one of the used inks per-
formed poorly on reference substrate (5-15% ink removal), but results could be improved 
with surface treatments. On the other hand, three of the used inks performed extremely 
well in the adhesion tests: ink removal below 5 % could be obtained even with the refer-
ence substrate. In these tests, oxygen plasma, flame pyrolytic silicating and combined 
chemical treatment by etching and coating provided best results. This result indicates that 
mechanical interlocking and strong chemical bonds are needed to provide good adhesion. 
It was also observed that PPE surface faults caused by molding affect adhesion nega-
tively. 
All of the samples fabricated for reliability tests survived well in elevated temperature 
and humid conditions. This is a promising result considering product lifetime in neutral 
environment. However, salty and humid environment caused significant degradation in 
both ink cohesion and interface adhesion. Furthermore, aging effects were highly depend-
ent on both ink selection and substrate surface treatment.   This result emphasizes the 
importance of protective coating in printed electronics applications.  
Based on performance test results, such substrate-ink combinations were found, which 
could be utilized in printed electronics applications. The most effective surface modifica-
tion methods include plasma treatment, flame-pyrolytic silicating and combined chemical 
treatment with etchind and coating. Plasma treatment and flame-pyrolytic silicating ena-
ble short treatment times, and especially plasma is both user-friendly and environmentally 
safe treatment. In addition, the combined chemical etching and coating provided en-
hanced adhesion and reliability, but the processing time is significantly longer and not as 
environmentally friendly as for example plasma treatment. Therefore, plasma treatment 
is recommended as an adhesion promoting method for these PPE based substrates.  
In addition to suitable surface treatments, promising printing inks were found. Since this 
was a benchmark study on this subject, more research is needed to optimize printing pro-
cess, before explicit conclusions of ink performance can be given. In addition, effects of 
curing conditions should be studied further. In this study, only datasheet curing conditions 
were used. Despite the excellent sheet resistance values obtained, as electrical perfor-
mance at high frequencies is not directly proportional to the measured sheet resistance 
values, future research should be focused on high frequency features of these substrate-
ink interfaces. In addition to conductivity properties, the effect of surface treatments on 
substrate dielectric properties should be inspected as well. Furthermore, as it was ob-
served that exposure to salty and humid environment caused significant performance deg-
radation, importance of protection is emphasized. To achieve reliable printed structures 
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that could be utilized in harsh outdoor applications, such as for example marine environ-
ment, environmental protection solutions, such as printed barrier layers, should be stud-
ied.  
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APPENDIX A: COMPARISON BETWEEN SHEET 
RESISTANCE DISTRIBUTION ANOMALIES 
Normality test of sample sets, 95 % CL 
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APPENDIX B: CONDUCTOR SHEET RESISTAN-
CES FOR ABNORMALLY DISTRIBUTED POPULA-
TIONS 
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